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Abstract 
Since 1994 when the disease was first described, there have been over 50 Hendra 
virus incidents involving more than 90 confirmed or possible equine cases, and 7 
associated human cases, with case fatality rates approaching 90% and 60% 
respectively. Epidemiological studies suggest that flying-foxes, in particular the Black 
flying-fox (Pteropus alecto) and the closely related Spectacled flying-fox (P. 
conspicillatus) are the primary natural reservoir hosts.  This research project 
investigates a hypothesised causal association between ecological and/or 
physiological stress and Hendra virus infection in Pteropus species. 
During a 12-month study of flying-foxes in Southeast Queensland (SEQ), samples 
were collected from 446 captured wild P. alecto for analysis of 18 hematologic, 22 
biochemical and 8 urinary biomarkers, establishing normal reference ranges and 
temporal changes for this suite of biomarkers.  The population demonstrated 
statistically significant temporal variation in some biomarkers consistent with life 
cycle events.  In Hendra virus RNA-positive animals all biomarker mean values were 
within established normal ranges, but some were significantly different compared to 
Hendra virus RNA-negative animals, notably, increased lymphocyte percent, 
decreased neutrophil percent, decreased plasma triglyceride levels, increased 
plasma alkaline phosphatase levels and increased urinary protein levels.  The study 
demonstrated that Hendra virus infection in P. alecto was sub-clinical, and that there 
was no apparent relationship with nutritional stress, reproductive stress or extreme 
metabolic demand, which would have caused substantial changes to biomarker 
values.  The relationship between increased urinary protein levels, decreased 
triglyceride levels and Hendra virus infection is of interest, and may support the 
premise of urinary tract association and physiological demand with Hendra virus 
infection of P. alecto. 
In a second study, a method of collection and assay of urinary cortisol to measure 
physiological stress in roosting flying-foxes was validated. Differences between the 
four mainland flying-fox species (P. alecto, P. poliocephalus, P. scapulatus, P. 
conspicillatus) were established through collection of urine samples from a wide 
geographic range throughout Queensland and New South Wales from single species 
roosts. Then, over a three-year study, population urinary cortisol and Hendra virus 
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urinary excretion prevalence was measured from a total of 2208 pooled urine 
samples from mixed species roosts of flying-foxes from two geographically distinct 
regions, subtropical SEQ and tropical Far North Queensland (FNQ).    An autumn 
elevation in urinary cortisol in the FNQ population was detected, but no significant 
seasonal fluctuations in Hendra virus excretion prevalence were found.  Urinary 
cortisol was significantly elevated in both autumn and winter in the SEQ population, 
the latter temporally associated with a significant winter elevation in Hendra virus 
excretion prevalence.  There was also a strong correlation between urinary cortisol 
concentration and minimum temperature on the day of sampling, with urinary cortisol 
increasing exponentially as temperature decreased.   
As mixed species population urinary cortisol measurements have the inherent 
difficulty of an inability to interpret the effect of species and cohort, a novel urinary 
collection and molecular analysis method was employed on 464 individual animal 
urine samples collected from the SEQ roost site over a 12-month study to assess the 
effects of sex and species on cortisol levels and Hendra virus excretion status.  P. 
alecto was found to be the only species present at the site excreting Hendra virus, 
and there were no significant differences between sex for either Hendra virus 
excretion, or urinary cortisol excretion levels.  The autumn peak in urinary cortisol is 
most plausibly primarily driven by the physiological demand of peak mating; the 
winter peak in urinary cortisol measurements, which is temporally correlated with a 
pulse in Hendra virus excretion, is not associated with reproductive stressors and 
may be driven by the physiological demand of thermoregulation of the historically 
tropical species P. alecto in a subtropical/temperate niche during winter.  
The research addresses significant knowledge gaps in relation to baseline 
physiological biomarkers in flying-foxes, tests hypotheses on risk factors for Hendra 
virus infection in P. alecto, and provides a platform for further investigation of the 
disease ecology of Hendra virus in flying-foxes.  More broadly, it provides a valuable 
template for the investigation of the disease ecology of various wildlife-associated 
emerging zoonoses of public health significance.  
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PCA:    Principal component analysis 
PCR:    Polymerase Chain Reaction 
pg:   Picogram 
QCEID:   Queensland Centre for Emerging Infectious Diseases 
QLD:    Queensland 
QML:    Queensland Medical Laboratories 
RNA:    Ribose nucleic acid 
Rpm:    Revolutions per minute 
RT-PCR:   Real Time Polymerase Chain Reaction 
SEQ:    Southeast Queensland 
SI:    Standard International 
µl:    Microlitre 
µmol:    Micromole 
USG:    Urine Specific Gravity 
U/L:    Units per litre 
WBC:    White Blood Cells 
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CHAPTER 1 
 
Review of Literature 
 
 
 
This chapter comprises material published as co-author during 
candidature in the articles: 
 
Edson D, Field H, McMichael L, Vidgen M, Goldspink L, Broos A, Melville D, Kristoffersen J, de Jong 
C, McLaughlin A, Kung N, Jordan D, Kirkland P, Smith C.  2015. 
Routes of Hendra virus excretion in naturally-infected flying-foxes: implications for viral transmission 
and spill over risk.  PLoS ONE 10: e0140670. 
 
Field HE, Jordan D, Edson D, Morris S, Melville D, Parry-Jones K, Broos A, Divljan A, McMichael L, 
Davis RJ, Kung N, Kirkland P, Smith C.  2015.   
Spatio-temporal aspects of Hendra virus infection in pteropid bats (flying-foxes) in eastern Australia.  
PLoS ONE 10: e0144055.  
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Australian Flying-foxes   
 
‘Fruit bats’ are mammals of the order Chiroptera and family Pteropodidae.  They are 
commonly known as flying-foxes in Australia, where there are four endemic mainland 
species. Pteropus alecto, the Black Flying-fox, is common and widespread in 
northern Australia with a coastal range from Shark Bay, Western Australia to 
Sydney, New South Wales (Churchill, 2008). P. poliocephalus, the Grey-headed 
Flying-fox is classified by the Environment Protection and Biodiversity Conservation 
(EPBC) Act Listing Status as vulnerable (Australian government, 2013), has a 
coastal distribution and has been found as far north as Ingham, Queensland and as 
far south as Adelaide, South Australia. P. conspicillatus, the Spectacled Flying-fox is 
classified by the EPBC Act as vulnerable (Australian Government, 2013) with a 
restricted distribution in Far North Queensland. P. scapulatus, the Little-red Flying-
fox, is common and widespread from Shark Bay, Western Australia to parts of 
Victoria, found in both coastal and inland arid habitats (Churchill, 2008).  
 
 
 
 
 
Figure 1.1   Australian mainland flying-fox species and their distribution (photo 
courtesy of Bats Qld) 
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Flying-foxes congregate in large numbers to roost during the day and forage for food 
during the night using their acute senses of sight and smell to find food resources. 
They have a nomadic to migratory pattern of long range movements following food 
resources which comprise native and introduced fruit and blossom.  
 
 
 
Figure 1.2   Roosting flying-foxes 
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Radio and satellite telemetry studies (Smith, Edson, Martin et al. unpublished data) 
have shown that P. alecto use a roost network ranging several hundred kilometres, 
P. poliocephalus have a wider range of movements, while P. scapulatus movements 
have been tracked in excess of 1000 kilometres.  Estimated daily animal turnover in 
flying-fox roosts has been estimated at 10% (Wellbergen, personal communication). 
 
 
 
Figure 1.3   Pteropus alecto movements in Southern Queensland (courtesy, Daniel 
Edson, QCEID) 
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P. alecto, P. poliocephalus and P. conspicillatus typically give birth a single pup each 
year between September and December, with mating occurring in March to May. P. 
scapulatus however are six months out of sync with the other flying-fox species, 
mating in September and October and giving birth typically in March and April. 
Young are suckled and carried by their mothers for the first 4 – 5 weeks of life, after 
which they are left each evening to be “crèched” with other young at the roost site 
while mothers forage. At around 5 months of age, juveniles are weaned and become 
independent of their mothers.  
 
 
 
Figure 1.4   Female black flying-fox with dependent pup (photo courtesy of Bats Qld) 
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Emerging viral infections associated with bats   
    
Bats are the source of a number of emerging pathogenic viruses of animal and 
public health significance, including lyssaviruses, Menangle virus, ebolaviruses, 
SARS-like coronaviruses, and the henipaviruses, Hendra and Nipah virus (Halpin et 
al. 2000, Chua et al. 2000, Li et al. 2005, Calisher et al. 2006, Pourrut et al. 2009, 
Barr et al. 2012, Ge et al. 2013). Hendra virus and the related Nipah virus belong to 
the genus Henipavirus, family Paramyxoviridae, originally isolated from humans and 
domestic animals.  
 
It has been reported that bats host more virus species than rodents, despite the fact 
that twice as many species of rodents exist in the world (Luis et al. 2013).  Although 
bats are reservoir hosts to a great diversity of viruses there is little evidence to 
suggest that these viruses cause illness or death of their hosts, apart from the 
Rabies-like lyssaviruses, suggesting that bats have evolved mechanisms to 
effectively control viral replication (Drexler et al. 2012, Baker et al. 2013, Zhang et al. 
2013). 
 
Calisher et al. (2006) questions why certain viruses can infect and persist in clinically 
healthy bats and yet be highly pathogenic for humans and other vertebrates. Studies 
by Halpin et al. (2011) support the theory of viral co-evolution with chiropteran hosts, 
while Papenfuss et al. (2012) hypothesised that the ability of bats to resist the 
pathological effects of viral infection is their ability to rapidly control viral replication 
early in the immune response through innate antiviral mechanisms.  O’Shea et al. 
(2014) suggest that the high viral diversity in bats with no evident pathogenicity in 
their host may be due to the daily cycle of elevated metabolism and body 
temperature due to flight, analogous to the febrile response in other mammals. 
 
Flying-foxes roosting in urban and peri-urban areas result in conflict between 
humans and bats, primarily due to the impact on amenity due to noise, odour and 
faeces (Tait et al. 2014).  Currently in Australia, the emergence and transmission of 
zoonotic diseases in flying-foxes primarily Hendra virus and Australian bat 
lyssavirus, and the risk of transmission, is of great concern to people living in close 
proximity to flying-fox roosting and feeding habitats.   
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The resultant debate between flying-fox conservation as an important part of the 
ecosystem and the demands for control is a contentious and politicised issue (Tait et 
al. 2014).  Requests for removal of flying-fox colonies from both urban and rural 
areas are currently being considered by local government authorities. Suggested 
removal techniques of roost dispersal and animal culls may cause physiological 
stress and immune suppression of flying-fox populations exacerbating the threat of 
zoonotic disease. 
 
Hendra virus and Australian flying-foxes 
    
Hendra virus antibodies were first identified in the serum of Pteropus bats (Young et 
al. 1996). Hendra virus was first isolated from the uterine fluids and foetal tissues of 
a P.  poliocephalus, Grey-headed Flying-fox (Halpin et al. 2000).   
 
 
 
Figure 1.5   Hendra virus particle 
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Halpin et al. (2011) established that P. alecto experimentally infected with Hendra 
virus, excreted viral genome between two and 19 days after inoculation with the 
majority of positive oral and rectal swabs received before seven-days post 
inoculation and positive urine and serum samples after seven days post inoculation. 
The most significant finding of this study was the absence of clinical evidence of 
henipavirus infection or associated disease in susceptible infected animals, 
supporting the theory that Pteropid bats are the reservoir host species of 
henipaviruses and may indicate that for a spill over to occur ecologically, 
physiologically or immunologically predisposed bats may be necessary.  
 
Subsequently, Australian flying-foxes have been identified as the natural host of 
Hendra virus, a novel and potentially fatal zoonotic virus responsible for mortality or 
morbidity in about 80 horses and seven humans since it was first described in 1994 
(Murray et al. 1995, Halpin et al. 2000).  Edson et al. (2015b) investigated the 
between-species variation in Hendra virus excretion prevalence, and the potential 
routes of virus excretion in flying-foxes.   The study reported no Hendra virus 
detections in P. poliocephalus or P. scapulatus, suggesting that these species are 
epidemiologically less important than P. alecto in Hendra virus infection dynamics.  
The rate of detection, and the amount of viral RNA, was highest in urine samples, 
identifying urine as the most plausible source of infection for flying-foxes and for 
horses.  Goldspink et al. (2015) undertook screening of bat tissues for Hendra virus, 
finding viral RNA detection to be significantly higher in P. alecto and P. 
conspicillatus, identifying species as a risk factor to infection.  Additionally, the study 
reported a predilection of Hendra virus for the spleen followed by kidney tissue, but 
not foetal tissues, reinforcing flying-fox urine as a key transmission pathway. 
 
Hendra virus was found by Smith et al. (2011) to be geographically widespread in 
urine collected from flying-fox populations in Queensland. Field et al. (2011) 
suggests that Australian flying-foxes can excrete virus at any time of year and that a 
seasonal clustering of Hendra virus spill overs associated with horses and humans 
requires not only the presence of the virus, but also one or more predisposing host, 
agent or environmental factors.   
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Figure 1.6   Flying-fox distribution, Hendra virus spill over locations and flying-fox 
sampling locations (From:  Field et al. 2011.  Hendra virus infection dynamics in 
Australian fruit bats) 
 
Smith et al. (2014) reported significant clustering of equine cases at a distance of 40 
km, a distance consistent with the foraging ‘footprint’ of a flying-fox roost, suggesting 
the latter as a biologically plausible basis for the clustering.  The study also showed 
that the density of P. alecto and P. conspicillatus had the strongest positive 
correlation with equine case locations, suggesting that these species are a more 
likely source of infection of Hendra virus for horses than P. poliocephalus or P. 
scapulatus. 
 
Field et al. (2015) reported that there was a non-linear relationship between mean 
Hendra virus excretion prevalence and five latitudinal regions, with excretion 
moderate in northern and central Queensland, highest in southern 
Queensland/northern New South Wales, moderate in central New South Wales, and 
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negligible in southern New South Wales, with a consistent, strong winter seasonality 
to excretion in the southern Queensland/northern New South Wales and central New 
South Wales regions.  The highest Hendra virus positivity was reported to occur 
where P. alecto or P. conspicillatus were present and nil or very low positivity rates in 
exclusive P. poliocephalus roosts.  The periodic extreme increase in P. scapulatus 
numbers at some roosts was not associated with any concurrent increase in Hendra 
virus detection, and thus the study suggested this species is not a significant source 
of virus.   
 
Figure 1.7   Spatio-temporal distribution of Hendra virus showing estimated time trends in 
positivity of flying-fox urine for Hendra virus in five regions of eastern Australia (1: North 
Queensland; 2: Central Queensland; 3: Southern Queensland/northern New South Wales; 4: 
Central New South Wales; 5: Southern New South Wales) (From Field et al. 2015. Spatio-
temporal Aspects of Hendra virus Infection in Pteropid Bats (Flying-Foxes) in Eastern 
Australia) 
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Putative Physiological Risk Factors for Hendra virus Infection 
 
Previous studies have suggested that a range of physiological and ecological factors 
constitute risk factors for Hendra virus infection in flying-foxes (Field 2005, Plowright 
et al. 2008, Breed et al. 2011), including physiological stress associated with 
reproduction and sub-optimal nutrition (Plowright et al. 2008), and by extension pose 
an increased risk of spill over into another species (Field et al. 2011; Field et al. 
2012; Plowright et al. 2015). Understanding Hendra virus infection dynamics in 
flying-foxes and the putative causal risk factors is fundamental to elaborating the 
disease ecology of the virus and thus effective exposure risk management in horses 
and humans (Figure 1.8).  
 
 
 
Figure 1.8   Putative risk factors associated with Hendra virus infection in flying-foxes 
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Physiological stress is often poorly defined and loosely interpreted, presenting 
challenges for robust measurement and comparative assessment. However, there 
are several well documented approaches to its assessment in the mammalian 
system, including assessment of endocrine and immune system function, oxidative 
stress and cellular senescence (Sapolsky et al. 2000; Bartolomucci et al. 2007; Sies 
et al. 2005; Busch and Hayward 2009; Beery et al. 2012). 
 
Physiological stress has been associated with an increase in anti-inflammatory 
immune responses and the suppression of pro-inflammatory immune responses and 
gene expression, including the expression of cytokines involved in the interferon and 
innate immune response to viral infection, which may plausibly be considered as risk 
factors for infection and excretion of viruses in flying-foxes (Roberts et al. 2001; 
Bartolomucci 2007; Martin 2009, Fuji et al. 2013).  Hormones can profoundly 
influence cells of the innate immune system which not only form the first line of 
defence against viral pathogens, but also play an important role in directing the 
developing adaptive immune response (Roberts et al. 2001). 
 
Over the past few decades, there has been a steep increase in the number of 
conservation-related field studies that measure glucocorticoid hormones as a marker 
for stress (Busch, 2009). Glucocorticoid hormones (cortisol and corticosterone) are 
fundamental regulators of energy balance in mammalian species, and elevations in 
these hormones precipitate a stress response which modulates fertility, metabolic 
balance and immune function (Sapolsky et al. 2000; Reeder and Kramer 2005).  The 
immediate release of adrenal glucocorticoids can be crucial for an animal’s survival 
when facing a stressor but constantly elevated or exceptionally high levels are 
usually detrimental for health (Lewanzik et al. 2012).  
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Figure 1.9   Glucocorticoid activity in the mammalian system (From:  Boonstra 2004.    
Coping with changing northern environments:  The role of the stress axis in birds and 
mammals)   
 
 
Figure 1.10   Glucocorticoid dynamics and stress (From: Busch and Hayward, 2009.  
Stress in a conservation context: A discussion of glucocorticoid actions and how 
levels change with conservation-relevant variables)     
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Levels of circulating glucocorticoids within a species can vary with season, sex, age, 
social status and breeding stage which requires controlling for appropriate covariates 
when interpreting glucocorticoid data (Busch, 2009).  Fundamentally, a non-stressful 
method of sampling is needed to validly measure physiological stress in free-living 
wildlife populations, to avoid measuring the stress response to the capture and 
sampling event itself (aReeder et al. 2004). 
 
Plasma glucocorticoid measurement has been employed in numerous chiropteran 
studies (Krishna et al. 1998, aReeder et al. 2004, Srivastava and Krishna, 2008, 
Allen et al. 2010, Lewanzik et al. 2012).  Studies of Pteropus species have found that 
cortisol is the primary glucocorticoid occurring in plasma (Widmaier and Kunz 1993, 
Widmaier et al. 1994, bReeder et al. 2004), and that animals exhibit significant 
elevations in plasma glucocorticoid levels in response to restraint stress.  Widmaier 
et al. (1994) concluded that bats possess a stress response similar in some ways to 
other mammals.  
 
Matrices of secretion of glucocorticoids, other than plasma, have been used to 
successfully measure cortisol levels non-invasively.  Bennett et al. (2008) used 
urinary corticosteroid excretion patterns in the okapi (Okapia johnstoni) to study 
circadian rhythms, Pearson et al. (2008) used saliva for the quantification of cortisol 
in socially housed baboons (Papio hamadryas hamadryas), Woodruff et al. (2010) 
used faecal corticosterone metabolite measurements to compare captive and free 
living tuco-tucos (Ctenomys sociabilis), and Hogan et al. (2012) used faecal cortisol 
metabolites as a non-invasive tool to assess stress in captive numbats 
(Myrmecobius fasciatus) and Russel et al. (2011) discussed the use of hair cortisol 
analysis capturing systemic cortisol exposure over longer periods of time as a 
biological marker of chronic stress.  
 
Analyses of biochemistry and hematologic values of wild-caught animals are also 
useful in establishing indicators of physiological demand, poor nutritional status, 
disease, trauma and environmental changes.  The study of hematologic and 
biochemical values has been employed to describe the health status of many wildlife 
species.  Ruykys et al. (2012), compared the health status of wild and captive 
populations of warru (Petrogale lateralis) suggesting that some populations had a 
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lower plane of nutrition and absence of reliable free water; Clarke et al. (2013), 
assessed the health of threatened western ringtail possums (Pseudocheirus 
occidentalis) prior to translocation; and Pacioni et al. (2013), assessed the 
population health of woylie (Bettongia penicillata ogilbyi).   
 
Methodologies for the hematologic and biochemical study of Pteropus species have 
been reported and normal reference ranges established for P. vampyrus (Malaysian 
flying-fox), P. hypomelanus (Island flying-fox), P. rodricensis (Rodriquez Island 
flying-fox), P. giganteus (Indian flying-fox) and P. melanotus natalis (Christmas 
Island flying-fox   (McLaughlin et al. 2007; Heard et al. 2006; Day et al. 2001; Heard 
and Whittier 1997; Heard and Huft 1998; Hall et al. 2013) providing basic physiologic 
information, reporting lymphocyte differential counts and comparisons between sex, 
age and reproductive status cohorts.   However, current literature on haematology 
and biochemistry of mainland Australian flying-fox species is minimal and published 
reference ranges have previously been based on small numbers (between 4 and 60) 
of captive or wild caught animals, including opportunistic sampling of injured flying-
foxes (Wightman et al, 1987; Agar and Godwin 1992; O’Brien and Endean 2001; 
Olsson 2002). 
 
Aims of the Thesis 
 
To investigate the putative association between physiological stress and Hendra 
virus in Australian flying-foxes, a robust method of assessing physiological stress of 
free-living flying-foxes in Australia is necessary to understand flying-fox disease 
dynamics in the context of the impact of natural life cycle, environmental and 
anthropogenic stressors.   
 
Prior to the commencement of this study, little work had been completed measuring 
hormones, in particular glucocorticoids, in free-living Australian flying-foxes and 
interpreting changes in the context of physiological demand and potential disease 
risk.  Nor had work been completed establishing robust normal ranges of 
hematologic and biochemical biomarkers and their seasonal variability before 
seeking physiological associations with disease.  It is hypothesised that although 
measuring glucocorticoid levels is a good measure of acute stress, and the 
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measurement of hematologic and biochemical parameters is a proven assessment 
of health of wildlife species, temporal changes in individual animal biomarker levels 
due to natural life cycle events and seasonal stressors may confound studies 
seeking physiological associations with infection and/or disease.  
 
The aims of this doctoral study are firstly to establish methodologies, normal 
reference ranges and natural temporal variation of the aforementioned physiological 
biomarkers, primarily in the Australian flying-fox Hendra virus reservoir host P. 
alecto.    And, secondly, to investigate correlations with these biomarkers and 
Hendra virus infection dynamics in free-living Australian flying-foxes.  The study will 
thus address the knowledge gaps in relation to baseline physiological biomarkers in 
Australian flying-foxes and test hypotheses on risk factors for Hendra virus infection. 
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CHAPTER 2  
 
Defining physiological biomarkers in flying-
foxes (Pteropus spp.) 
 
 
 
This chapter comprises material published in the articles: 
McMichael L, Edson D, McLaughlin A, Mayer D, Kopp S, Meers J, Field H.  2015.   
Haematology and plasma biochemistry of wild black flying-foxes, (Pteropus alecto) in Queensland, 
Australia.    
PLoS ONE 10: e0125741.  
 
McMichael L, Edson D, Mayer D, Goldspink L, Vidgen M, Kopp S, Meers J, Field H.  2016.   
Temporal variation in physiological biomarkers in Black flying-foxes (Pteropus alecto), Australia.   
EcoHealth 13(1): 49-59.    
 
And the article submitted for publication: 
McMichael L, Edson D, McKeown A, Sanchez C, Smith C, Kopp S, Meers J, Field H.   
Physiologic biomarkers wild Spectacled flying foxes (Pteropus conspicillatus), Australia.   
Journal of Wildlife Disease.  
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Introduction 
 
Bats of the genus Pteropus (Pteropodidae), colloquially known as flying-foxes, have 
been identified as a source of a number of emerging pathogenic viruses of animal 
and human health significance, including henipaviruses, lyssaviruses, coronaviruses 
and ebolaviruses (Calisher et al. 2006; Jayme et al. 2014; Smith et al. 2016).  
Hendra virus, first described in Australia in 1994, causes highly lethal infection in 
horses and close-contact humans (Murray et al. 1995). Of the four Pteropus species 
endemic to mainland Australia, there is accumulating evidence that Black (P. alecto) 
and Spectacled (P. conspicillatus) flying-foxes are primary reservoir hosts for Hendra 
virus (Smith et al. 2014; Edson et al. 2015b; Goldspink et al. 2015; Field et al. 2015).   
 
Understanding flying-fox related factors that drive Hendra virus infection dynamics is 
fundamental to elaborating the disease ecology of the virus and thus effective 
exposure risk management in horses and humans. Previous studies suggest that 
physiological and ecological factors, including physiological stress associated with 
reproduction and sub-optimal nutrition constitute risk factors for infection in flying-
foxes (Field 2005; Plowright et al. 2008; Breed et al. 2011), and by extension pose 
an increased risk of spill-over into another species (Field et al. 2011; Field et al. 
2012; Plowright et al. 2015).  However, it is essential to know the normal range of 
physiological biomarkers and their possible seasonal variability before seeking 
physiological associations with infection and/or disease. 
 
The study of hematologic and biochemical values has been employed to describe 
the health status of many wildlife species.  Ruykys et al. (2012), compared the health 
status of wild and captive populations of warru (Petrogale lateralis); Clarke et al. 
(2013), assessed the health of threatened western ringtail possums (Pseudocheirus 
occidentalis) prior to translocation; and Pacioni et al. (2013), assessed the 
population health of woylie (Bettongia penicillata ogilbyi).  Similar approaches will be 
useful in assessing the health of Australian flying-foxes in order to understand and 
meaningfully interpret population health in ecological and epidemiological contexts.  
Establishing hematologic and biochemical reference ranges for wild Australian flying-
42 
 
foxes may help to identify indicators of poor nutritional status, disease and the effect 
of environmental stressors.   
 
Current literature on haematology and biochemistry of Australian flying-foxes is 
minimal and published reference ranges have previously been based on small 
numbers (between 4 and 60) of captive or wild caught animals, including 
opportunistic sampling of injured flying-foxes (Wightman et al. 1987; Agar and 
Godwin 1992; O’Brien and Endean 2001; Olsson 2002).  This study presents 
morphologic, hematologic, plasma biochemistry and urinalysis reference values for 
clinically normal adult wild-caught P. alecto and P. conspicillatus, comparing 
physiological, age-based and injured cohorts within and between the populations.  
The study also measured physiological biomarkers in P. alecto over time to identify 
any seasonal population and sex-specific fluctuations, and to examine possible 
associations with life-cycle and environmental stressors.   
    
  
43 
 
Methods 
     
Animals, ethics and study sites 
 
All applicable institutional and/or national guidelines for the care and use of animals 
were followed.  Fieldwork was conducted under the Queensland Department of 
Agriculture, Fisheries and Forestry Animal Ethics Committee Permit SA 
2011/12/375, and Department of Environment, Heritage and Protection Scientific 
Purposes Permits WISP05810609 and WISP14100614. 
 
Blood and urine samples, and morphometric and reproductive status data were 
collected from individual P. alecto during seven bi-monthly catching events between 
June 2013 and May 2014 at a peri-urban parkland roost at Boonah, in South East 
Queensland, Australia, and from adult P. conspicillatus at one catching event in June 
2015 at a rural roost at Gordonvale, in Far North Queensland, Australia.  The 
typically seasonal birth pulse in flying-foxes in eastern Australia (late September to 
early December, peaking in October) precluded adequate temporal representation of 
immature animals, so only adult animals were included in the analysis.  Not all 
animals voided a urine sample, and the number of blood samples collected was 
limited by budgetary constraints.  
 
Animal capture, sample and data collection 
 
Bats were captured pre-dawn in mist nets (18m wide x 8m deep) hoisted between 
two 20m fibre glass masts at the SEQ roost and hoisted between two trees at the 
FNQ roost.  Mist nets were observed constantly and each bat was immediately 
removed from the net, placed in a cotton bag and allowed to hang calmly prior to 
processing.  Animals were anaesthetised (under veterinary supervision) using the 
inhalation agent Isoflurane and medical oxygen (Jonsson et al. 2004).  A basic 
physical examination was conducted, identifying any obvious lesions or 
abnormalities of the skin, bones, abdomen, thorax, mouth and nervous system.   
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Figure 2.1   Set up of catching mist nets at flying-fox roost site 
 
Age class was estimated by morphometric measurements of forearm length (mm), 
weight (g), and presence of secondary sexual characteristics (Epstein et al. 2008).  
Adult males were distinguished from sub-adult males on the basis of fully developed 
penis and testes. Adult females were distinguished from sub-adult females on the 
basis of worn, elongated nipples, indicating that they had suckled at least once in 
their lifetime.  Juveniles (less than12 months old) were classified on their smaller 
size and rudimentary development of sexual characteristics.   
 
Sex and body condition (assessed by palpation of the pectoral muscle bulk and 
associated prominence of the sternal carinum; quantified on a 5-point scale where 1 
= poor, and 5 = good body condition), were recorded for each bat.  Morphometric 
index was calculated for each animal (forearm length (mm)/weight (g)).  Pregnancy 
was determined by gentle abdominal palpation and lactation status by expression of 
milk from the teats.  All bats were marked by painting hind limb claws with coloured 
acrylic lacquer to avoid short-term resampling.   
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All blood samples were collected within 6 hours of capture.  Approximately 3 mL of 
blood was collected from the propatagial (cephalic) vein and dispensed into a 1.3 mL 
Lithium Heparin blood tube (Sarstedt 2269201), a 0.5 ml EDTA blood tube 
(Microtainer 5974) and a direct blood smear was prepared and stained using the 
DiffQuik system (POCD Healthcare) and examined by the authors, or alternatively a 
second blood smear prepared and examined by the commercial pathology 
laboratory, Queensland Medical Laboratories (QML).  Blood glucose concentration 
was measured at the time of bleeding using an ACCU-CHEK Performa glucometer 
(Roche Diagnostics GmbH). Voided urine samples were obtained by trans-
abdominal palpation and gentle manual bladder expression.   
 
 
Figure 2.2   Bleeding technique used for a Pteropus alecto 
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After anaesthesia, each bat was monitored until a fully conscious state was reached 
and satisfactory haemostasis at the venepuncture site had been confirmed.  Bats 
were then placed into a pillowcase for a recovery period of at least 30 minutes prior 
to release at the capture site.   
 
 
Figure 2.3   Recovery of flying-foxes post anaesthesia 
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Hematologic, biochemical and urine analysis 
 
All samples were kept chilled prior to and during shipment to the Biosecurity 
Sciences Laboratory in Brisbane.  EDTA whole blood samples were shipped daily to 
QML in Brisbane for complete blood counts using a Sysmex XE-2100TM Automated 
Haematology System.  When platelet aggregation was identified on blood smears 
absolute platelets counts were not conducted.  Lithium heparin plasma was collected 
within 6 hours of bleeding, following separation by centrifugation, and samples were 
either shipped daily on ice, or stored at minus 80oC until thawing and shipment to 
QML for processing using a Siemens ADVIA 2400 Chemistry System.  All values 
were reported in standard international (SI) units. 
 
Logistical constraints in establishing and validating haematological methodologies 
precluded haematology in June 2013.  On occasion, there was insufficient sample 
volume to conduct all hematologic or biochemical tests.  Therefore, the sample size 
for adult animals for reference range calculation varied for different parameters, 
ranging from 253 – 293 animals for P. alecto (Table 2.1) and 49 – 50 animals for P. 
conspicillatus (Table 2.2).  A total of 385 total blood samples for haematology and 
364 plasma samples for plasma biochemistry were submitted for the SEQ population 
of P. alecto and 50 total blood and plasma samples submitted for the FNQ 
population of P. conspicillatus.     
 
Urinalysis was conducted at the field site within 4 hours of urine collection, using 
Urispec Plus reagent test strips (Henry Schein 900-3567).  Ketone result validation 
was performed on a subset of 16 samples with negative, low, medium and high 
ketone readings, using a ketone body assay kit for β-hydroxybutyrate and aceto 
acetate (Abnova KA1630).  Urine specific gravity (USG) was measured using a 
hand-held clinical refractometer.  Wet urine mounts were prepared for a subset of six 
samples that demonstrated high leucocyte readings and stained using Methylene 
blue (Quick Dip II, Fronine Laboratory Supplies GG023). 
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Statistical analysis 
 
Reference ranges for hematologic and plasma biochemical measurements were 
calculated using XLSTAT (Version 2008.6.08 Copyright Addinsoft 1995-2008) from 
adult animal samples, excluding animals with observed injury or clinical signs of 
disease and those tested positive for Hendra virus.  Normality of the distributions of 
variables was tested using the Fisher test for skewness and Shapiro-Wilk normality 
test.    Variables that were not normally distributed were transformed using natural 
log, and rechecked for normality using the Shapiro-Wilk test.   
 
Arithmetic means and 95% confidence intervals (plus or minus 1.96 standard 
deviations) are presented for normally distributed variables, and geometric means 
and asymmetrical 95% confidence intervals are presented for those variables that 
had non-normal distributions.  Values lying outside the mean plus or minus 1.96 
standard deviations were excluded and the normal hematologic and plasma 
biochemistry adult reference ranges reported as the recalculated mean plus or minus 
1.96 standard deviations for each variable (Gascoyne et al. 1994; McLaughlin et al. 
2007).   
 
Effects of age, sex, body condition and reproductive status on hematologic and 
plasma biochemical parameters were assessed.  Where values for hematologic or 
biochemical variables were reported lower than the detectable limit of the assay, the 
recommended practice of substituting half of the detectable concentration for the 
comparative analyses was adopted (Wood et al. 2011).  Data that proved to be 
positively skewed with heterogeneous variance, were transformed using the natural 
log (ln).   
 
Each hematologic or biochemical variable was subjected to an unbalanced 
generalised linear model (McCullagh and Nelder 1989), under the normal or log 
normal distribution as appropriate for continuous variables and the binomial 
distribution and logit link for binary variables, using GenStat (2013).  Adjusted means 
and standard errors were estimated for each variable (standardised for age + sex + 
month + body condition + pregnancy + lactation). The residual plots for most 
variables proved to be approximately normal.  The quoted mean levels were directly 
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back-transformed from the ln-scale, and reported as geometric means.  Adjusted 
means and standard errors are reported for each variable where groups showed 
significant differences.  Post-hoc t-tests between means were conducted for specific 
contrasts of the mating male cohort, using the individual standard errors for each 
mean. 
 
Temporal effects on hematologic, plasma biochemistry and urine parameters were 
also assessed for P. alecto.  Data that proved to be positively skewed with 
heterogeneous variance were transformed using the natural log (ln).  Each variable 
was subjected to an unbalanced generalised linear model (McCullagh and Nelder, 
1989) under the normal or log normal distribution as appropriate for continuous 
variables, or the binomial distribution and logit link for binary variables, using 
GenStat (2013).   
 
Adjusted means and standard errors were estimated for each variable.  The seven 
bi-monthly sampling events were considered as discrete levels of a month factor in 
the analysis. Sex of the bat, and the interaction between month and sex, was also 
included in the analyses.  Residual plots for most variables proved to be 
approximately normal.  Mean levels were back-transformed from the ln-scale, and 
reported as population geometric means and significant grouping testing performed. 
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Results 
 
Morphological, hematologic, plasma biochemistry and urine ranges 
 
Hematologic and plasma biochemistry normal reference ranges for adult P. alecto 
are presented in Table 2.1 and for adult P. conspicillatus in Table 2.2.  Ranges for P. 
alecto morphologic measurements, glucose and urine biomarkers were calculated 
from 434 -999 animals that were involved in the greater study.  In the P. alecto 
population, 10 percent or less of the values for triglycerides, urea and ALT were 
lower than the lowest detectable limit of the assay.  Approximately 90% of values for 
bilirubin were reported as < 2 µmol/L, 70% of values for cholesterol reported as < 0.5 
mmol/L, 50% of values for GGT reported as < 5 U/L and 25% of values for creatinine 
reported as < 20 µmol/L.  Reference ranges were not calculated for those variables 
with more than 10% of the values lower than the lowest detectable limit of the assay 
and the data are shown as the range of values obtained. 
 
Biomarker n Mean  95% CI Range Ref Range (n) 
 
Morphology      
Weight (g) 996 743 546 – 940 494 - 1090 na 
Forearm (mm) 999 166 152 – 180 142 - 188 na 
Body condition score 989 3.3 1 – 5.6 1 - 5 na 
 
Haematology      
Haemoglobin (g/L) 293 163.49 140.37 – 186.60 136.00 – 218.00 143.40 – 182.18 (280) 
Red cell count(x1012/L) 293 9.13 7.85 – 10.41 7.60 – 12.60 8.01 – 10.19 (282) 
Haematocrit 293 0.47 0.41 – 0.53 0.39 – 0.62 0.42 – 0.52 (286) 
MCV (fL) 293 51.79 47.02 – 56.56 45.00 – 58.00 47.34 – 56.12 (284) 
MCH (pg) 293 17.97 16.44 – 19.50 16.00 – 21.00 16.53 – 19.31 (286) 
MCHC (g/L) 293 347.03 329.38 - 364.68  318.00 – 388.00 331.82 – 361.30 (282) 
Platelets (x109/L) 293 367.39 189.32 – 545.45 106.00 – 719.00 217.54 – 499.14 (276) 
WBC (x109/L) 293 5.96* 2.95 – 12.03 2.50 – 22.00 2.38 – 10.01 (277) 
Neutrophils (x109/L) 293 3.57* 1.64 – 7.74 0.90 – 12.50 1.29 – 6.18 (278) 
Lymphocytes (x109/L) 293 1.72* 0.50 – 5.90 0.30 – 12.10  0.58 – 5.11 (279) 
Monocytes (x109/L) 293 0.14* 0.03 – 0.62 0.00 – 1.20 0.03 – 0.50 (282) 
Eosinophils (x109/L) 293 0.06* 0.00 – 2.33 0.00 – 4.59 0.00 – 2.17 (291) 
Basophils (x109/L) 293 0.00* 0.00 – 0.01 0.00 – 0.01 0.00 – 0.01 (293) 
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Biochemistry      
Sodium (mmol/L) 260 138.39 133.50 – 143.27 132.00 – 147.00 134.27 – 142.00 (256) 
Potassium (mmol/L) 260 4.02* 2.68 – 5.76 2.50 – 9.80 2.84 – 4.93 (250) 
Chloride (mmol/L) 260 104.99 98.23 – 111.74 92.00 – 114.00 99.07 – 111.22 (259) 
Bicarbonate (mmol/L) 260 14.68 10.38 – 18.97 9.00 – 21.00 10.72 – 18.34 (252) 
Anion gap (mmol/L) 260 22.75* 17.39 – 29.22 15.00 – 38.00 17.70 – 27.14 (248) 
Calcium (mmol/L) 258 2.41 2.14 – 2.68 1.98 – 2.82 2.11 – 2.71 (247) 
Phosphorous (mmol/L) 258 1.4 0.62 – 2.19 0.50 – 2.50 0.66 – 2.11 (253) 
AST (U/L) 258 76.83* 25.21 – 174.05 23.00 – 502.00 28.85 – 135.71 (246) 
ALT (U/L) 258 15.84* 6.56 – 38.28 < 10.00 – 52.00 9.02 – 30.06 (235) 
ALP (U/L) 259 407.46* 156.90 – 877.52 69.00 – 1289.00 102.01 – 697.82 (247) 
GGT (U/L) 259 na na < 5.00 – 19.00 na 
Creatinine Kinase(U/L) 254 466.28* 40.07 – 1577.35 57.00 – 9552.00 52.83 – 857.82 (237) 
Glucose (mmol/L) 993 6.8* 4.3 – 10.7 3.5 – 21.4 4.5 – 10.0 (955) 
Triglycerides (mmol/L) 253 0.19* 0.05 – 0.74 < 0.10 – 1.20 0.05 – 0.61 (244) 
Cholesterol (mmol/L) 253 na na < 0.50 – 1.40 na 
Protein (g/L) 257 65.51 54.05 – 76.98 50.00 - 82.00 55.27 – 75.11 (243) 
Albumin (g/L) 255 36.12 29.57 – 42.67 27.00 – 44.00 30.03 – 41.73 (244) 
Globulin (g/L) 255 29.34 22.32 – 36.35 20.00 – 40.00 22.97 – 35.10 (245) 
AG Ratio 255 1.25 0.95 – 1.54 0.80 – 1.70 0.93 – 1.54 (241) 
Urea (mmol/L) 260 1.36* 0.25 – 7.57 < 0.50 – 7.40 0.25 – 7.57 (260) 
Creatinine (µmol/L) 260 na na < 20.00 – 181.00  na 
Bilirubin (µmol/L) 260 na na < 2.00 – 8.00 na 
 
Urine      
Urine specific gravity 
     
pH 470 1.018 1.000 - 1.037 1.001 – 1.047 na 
Ketones (mg/dL) 448 7.1 4.7 – 9.4 5 - 9 na 
Glucose (mg/dL) 435 149 0 – 391 0 - 300 na 
Blood (erythrocyte/µL) 435 22 0 – 232 0 - 1000 na 
Protein (mg/dL) 446 14 0 – 108 0 - 250 na 
Leucocytes (leuc/µL) 435 16 0 – 104 0 - 500 na 
Nitrite (mg/dL) 435 23 0 – 110 0 - 500 na 
Urobilinogen (mg/dL) 434 0 0 – 0.29 0 - 1 na 
Bilirubin (mg/dL) 446 0.5 0 – 1.0 0 - 70 na 
 435 0 0 0 na 
      
Table 2.1   Haematological and plasma biochemistry reference ranges for clinically 
normal wild-caught adult P. alecto.   * Natural log transformation.  na = not 
applicable. 
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In the P. conspicillatus population, 70 percent of the values for urea, and 85 percent 
of GGT and cholesterol values were below the lowest detectable dose.  Reference 
ranges were not calculated for those variables with more than 10% of the values 
lower than the lowest detectable limit of the assay and the data are shown as the 
range of values obtained.   
 
Biomarker N Mean 95% CI  Range Ref Range(n) 
 
Morphology 
     
Weight (g) 50 770 585 – 955 566 – 1005 na 
Forearm (mm) 50 165 156 – 175 156 – 177 na 
Body condition score 50 4.3 2.4 – 6.2 2 – 5 na 
 
Haematology 
     
Haemoglobin (g/L) 50 167.1 139.3 – 194.9 134 - 225 146.5 - 186.8 (48) 
Red cell count (1012/L) 50 10.13 8.27 – 11.98 8.4 - 14.1 8.60 - 11.49 (49) 
Haematocrit 50 0.49 0.40 – 0.57 0.38 - 0.64 0.42 - 0.55 (48) 
MCV (fL) 50 48.25 41.39 – 55.16 41 - 57 42.76 - 53.02 (46) 
MCH (pg) 50 16.56 14.64 – 18.52 14 -19 14.92 - 18.24 (48) 
MCHC (g/L) 50 343.84   314.65 – 373.03 300 - 358 335.08 - 361.23 (45) 
Platelets (109/L) 49 479.90 233.20 – 723.12 313 - 992 283.80 - 639.90 (47) 
WBC (109/L) 50 7.89 0.36 – 15.42 3.5 - 24.5 2.56 - 12.06 (48) 
Neutrophils (109/L) 50 4.50 0.05 – 8.95 1.7 - 12.3 1.31 - 6.82 (47) 
Lymphocytes (109/L) 50 2.50 0.00 – 7.43 0.3 - 13.9 0.00 - 4.67 (48) 
Monocytes (109/L) 50 0.11 0.00 – 1.20 0 - 3.2 0.00 - 0.58 (49) 
Eosinophils (109/L) 50 0.19 0.00 – 1.74 0 - 2.33 0.00 - 1.38 (47) 
Basophils (109/L) 50 0.00 0.00 – 0.05 0 - 0.12  0.00 (48) 
 
Biochemistry 
     
Sodium (mmol/L) 50 138.14 133.55 – 142.73 131 - 143 134.32 - 142.06 (48) 
Potassium (mmol/L) 50 3.74 2.58 – 4.90 2.7 - 6.2 2.78 - 4.60 (49) 
Chloride (mmol/L) 50 105.04 98.98 – 111.10 96 - 111 100.31 - 110.44 (48) 
Bicarbonate (mmol/L) 50 13.70 10.19 – 17.20 9 - 19 11.44 - 15.95 (46) 
Anion gap 50 23.30 19.06 – 27.54 20 - 28 19.22 - 27.18 (49) 
Calcium (mmol/L) 49 2.34 2.10 – 2.56 2.08 - 2.68 2.16 - 2.50 (45) 
Phosphorous (mmol/L) 49 1.04 0.12 – 2.05 0.2 - 2.6 0.21 - 1.91 (48) 
AST (U/L) 50 81.65* 0.00 – 383.94 32 - 922 10.46 - 142.35 (47) 
ALT (U/L) 50 20.99* 0.00 - 64.14 10 -137  0.00 - 44.25 (48) 
53 
 
ALP (U/L) 50 562.05*  0.00 - 1699.43 138 - 3056 12.04 - 1167.49 (47) 
GGT (U/L) 50 na na < 5 - 7 na 
Creatine Kinase (U/L) 49 259.30* 0.00 – 1545.51 70 - 2850 0.00 – 900.72 (44) 
Glucose (mmol/L) 50 7.33 2.25 – 12.42 3.1 - 15.2 3.03 - 10.82 (47) 
Triglycerides (mmol/L) 49 0.39* 0.00 – 1.10 0.1 - 2.1 0.02 - 0.84 
Cholesterol (mmol/L) 49 na na < 0.5 - 1.1 na 
Protein (g/L) 50 78.04 66.59 – 89.29 64 - 87  68.47 - 88.49 (48) 
Albumin (g/L) 50 45.17 39.50 – 50.78 37 - 51 40.45 - 49.68 (47) 
Globulin (g/L) 49 32.80 24.95 – 40.64 23 - 39 25.77 - 40.23 (48) 
AG ratio 49 1.39 1.07 – 1.71 1.1 - 1.8 1.10 - 1.65 (47) 
Urea (mmol/L) 50 na na < 0.5 - 2.8 na 
Creatinine (umol/L) 50 24.82 6.59 – 40.41 < 20 - 39 6.59 – 40.41 (50) 
Bilirubin (umol/L) 50 3.06* 0.00 – 6.95 < 2 - 14 0.00 – 4.36 (47) 
 
Urine 
     
Urine specific gravity 30 1.102 1.000 – 1.026 1.004 – 1.035 na 
pH 30 6.5 4.2 – 8.8 5 – 9 na 
Ketones (mg/dL) 30 161 0 - 433 0 – 300 na 
Glucose (mg/dL) 30 79 0 - 590 0 – 1000 na 
Blood (erythrocytes/uL) 27 13 0 - 112 0 – 250 na 
Protein (mg/dL) 30 3 0 - 22 0 - 30 na 
Leucocytes (leuc/uL) 30 24 0 - 88 0 - 75 na 
Nitrite (mg/dL) 30 0 0 – 0.4 0 - 1 na 
Urobilinogen (mg/dL) 28 0 0 – 0.8 0 - 2 na 
Bilirubin (mg/dL) 28 0 0 0 na 
      
Table 2.2   Haematological and plasma biochemistry reference ranges for clinically 
normal wild-caught adult P. conspicillatus.   * Log transformation; na = not 
applicable. 
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Sex cohort comparisons 
 
Statistical comparison of the mean values for each of the biomarkers between the 
sexes showed significant differences for 23 biomarkers for P. alecto (Table 2.3).  
Males had higher mean weights and longer mean forearm measurements.  Mean 
MCH, MCHC, platelet counts, neutrophil counts, glucose, triglyceride, cholesterol, 
urinary pH and erythrocyte measurements were higher in females.  Males reported 
higher ALT, ALP, albumin, albumin:globulin ratio, creatinine, calcium, phosphorous, 
sodium, chloride, urine specific gravity, ketones and leucocyte measurements.     
 
Biomarker Male Mean (SEM) Female Mean (SEM) P 
 
Weight (g) 795.5 (3.6) 681.7 (3.5) <0.001 
Forearm (mm) 167.6 (0.3) 163.3 (0.3) 0.001 
MCH (pg) 17.80 (0.27) 18.10 (0.042) 0.011 
MCHC (g/L) 347.20 (2.88) 348.00 (1.68) 0.01 
Platelets (x109/L) 359.20 (22.92) 380.00 (30.8) 0.013 
Neutrophils (x109/L) * 3.67 (0.56) 3.84 (0.48) 0.007 
Sodium (mmol/L) * 138.24 (1.21) 137.82 (2.02) 0.001 
Chloride (mmol/L) * 105.32 (1.73) 104.17 (1.84) <0.001 
Calcium (mmol/L) * 2.46 (0.05) 2.36 (0.05) 0.031 
Phosphorous (mmol/L) * 1.43 (0.08) 1.34 (0.07) 0.05 
ALT (U/L) * 17.65 (2.67) 13.65 (1.92) 0.007 
ALP (U/L) * 475.33 (38.74) 346.54 (30.46) <0.001 
Glucose (mmol/L) * 6.54 (0.37) 6.86 (0.47) 0.003 
Triglycerides (mmol/L) * 0.12 (0.02) 0.31 (0.04) <0.001 
Cholesterol (mmol/L) * 0.27 (0.03) 0.45 (0.06) <0.001 
Albumin (g/L) * 35.94 (0.72) 35.30 (0.82) 0.018 
AG ratio * 1.29 (0.07) 1.19 (0.07) 0.003 
Creatinine (µmol/L) * 38.47 (6.20) 31.98 (5.48) 0.003 
Urine specific gravity 1.020 (0.001) 1.014 (0.001) <0.001 
Urine erythrocytes/uL 5.3 (1.5) 27.2 (5.0) <0.001 
Urine ketones (mg/dL) 210.3 (6.8) 54.8 (4.8) <0.001 
Urine pH 6.8 (0.1) 7.5 (0.1) <0.001 
Urine leucocyte/uL 36.9 (3.2) 2.9 (0.8) <0.001 
    
Table 2.3   Significantly different mean values between male and female P. alecto.  
Morphology:  male n = 536, female n = 460.  Haematology: male n = 205, female n = 
181.  Biochemistry: male n = 176, female n = 179.  Urinalysis: male n = 262, female 
n = 172.  *Natural log transformation. 
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Statistical comparison of the mean values for each of the biomarkers between the 
sexes showed significant differences for 15 biomarkers for P. conspicillatus (Table 
2.4).  Males had higher mean weights and longer mean forearm measurements; 
Mean MCV, alkaline phosphatase, urine specific gravity, urinary ketones, proteins 
and leucocytes were reported higher in males.  MCHC, leucocytes, cholesterol and 
urinary blood were higher in females. 
 
Biomarker Male Mean (SEM) Female Mean (SEM) P 
 
Weight (g) 
 
830.5 (62.2) 
 
685.7 (52.1) 
 
<0.001 
Forearm (mm)  167.3 (0.7) 163.0 (0.9) 0.001 
MCV (fL) 49.80 (1.22) 47.03 (1.29) 0.004 
MCHC (g/L) 339.2 (7.0) 347.5 (7.1) 0.008 
WBC (109/L) 6.82 (0.07) 8.36 (0.06) 0.006 
Lymphocytes (109/L) 2.37 (0.09) 3.40 (0.09) 0.002 
Monocytes (109/L) 0.076 (0.033) 0.140 (0.035) 0.033 
Eosinophils (109/L) 0.163 (0.043)  0.260 (0.046) 0.035 
ALP (U/L) 731.14 (15.49) * 368.13 (15.85) * <0.001 
Cholesterol (mmol/L) 0.100 (0.021)  0.173 (0.022) 0.002 
Urine ketones (mg/dL) 215.8 (21.0) 5.0 (3.3) 0.001 
Urine leucocyte/uL 34.2 (7.5) 0 <0.001 
    
Table 2.4   Significantly different mean values between male and female P. 
conspicillatus.  Morphology:  male n = 28, female n = 22.  Haematology: male n = 28, 
female n = 22.  Biochemistry: male n = 28, female n = 22.  Urinalysis: male n = 20, 
female n = 10.  *Log transformation. 
 
   
 
56 
 
Age cohort comparisons 
 
Statistical comparison of the mean values for each of the hematologic and 
biochemical variables, between the P. alecto age cohorts, juveniles, sub-adults and 
adults showed significant differences for 17 biomarkers (Table 2.5).  A significant 
increase in haemoglobin, red cell count, haematocrit and MCHC was observed with 
increasing maturity.  Total leukocyte counts were highest in sub-adults and lowest in 
adults, neutrophil counts were highest in sub-adults and lowest in juveniles and 
lymphocyte and monocyte counts decreased with increasing maturity where 
juveniles had highest counts and adults the lowest.  AST and ALT levels were lowest 
in sub-adults and highest in juveniles.  ALP and phosphorus levels decreased with 
increasing maturity, where ALP levels for juveniles were highest, and higher than the 
normal reference range established for adult animals.  Total protein, globulin and 
creatinine values increased with maturity while the albumin to globulin ratio and 
triglycerides decreased.     
 
Biomarker 
 
Mean (SEM) 
 
P 
 
Adult (n = 293) Sub adult (n = 36) Juvenile (n = 13) 
 
 
Haemoglobin (g/L) 162.9 (1.5) 159.7 (5.5) 145.9 (8.6) <0.001 
Red cell count (x1012/L) 9.10 (0.08) 8.96 (0.26) 8.41 (0.49) <0.001 
Haematocrit 0.47 (0.05) 0.46 (0.1) 0.43 (0.02)  <0.001 
MCHC (g/L) 347.7 (1.0) 347.5 (2.8) 341.0 (3.4) 0.018 
WBC (x109/L) * 6.19 (2.06) 9.18 (2.19) 8.23 (2.29) <0.001 
Neutrophils (x109/L) * 3.70 (0.2) 4.60 (0.75) 2.75 (0.69) 0.001 
Lymphocytes (x109/L) * 1.83 (0.16) 3.03 (0.78) 3.97 (1.53) <0.001 
Monocytes (x109/L) * 0.18 (0.18) 0.24 (0.24) 0.43 (0.057) 0.005 
AST (U/L) * 62.61 (3.76) 51.06 (10.00) 91.65 (33.44) 0.007 
ALT (U/L) * 15.66 (0.88) 13.82 (2.57) 22.04 (7.67) 0.042 
ALP (U/L) * 399.41 (25.51) 554.46 (113.92) 850.95 (134.14)              <0.001 
Triglycerides (mmol/L) * 0.19 (0.01) 0.20 (0.04) 0.36 (0.14) <0.001 
Protein (g/L) * 65.04 (0.78) 61.31 (2.28) 60.46 (4.65) <0.001 
Globulin (g/L) * 29.02 (0.52) 26.87 (1.62) 24.12 (2.94) <0.001 
AG ratio* 1.24 (0.03) 1.29 (0.09) 1.48 (0.23) 0.004 
Creatinine (µmol/L) * 31.31 (1.30) 31.03 (7.9) 23.38 (6.64) <0.001 
     
Table 2.5.  Mean haematological and biochemistry values for age cohorts with 
significant difference.   
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Reproductive cohort comparisons 
Statistical comparison of the mean values for each of the biomarkers between the P. 
alecto reproductive cohorts of mating males, pregnant females and lactating females 
compared with non-reproducing adult cohorts, showed significant differences for 17 
biomarkers (Table 2.6).  A significant decrease in haemoglobin, red cell count, 
haematocrit, MCH and mean corpuscular volume (MCV) was observed in mating 
males.  Mating males also had decreased globulin, triglyceride levels but increased 
platelet counts, creatinine and urea levels.   Lymphocyte, monocyte, eosinophil 
counts, total protein, albumin, globulin, phosphorous, triglyceride and creatinine 
levels, and anion gap were all decreased in lactating females while calcium levels 
increased with lactation.  Pregnant females had increased total protein, albumin, 
globulin, calcium and urea levels but decreased platelet counts.   
   
Biomarker Mean (SEM) P Mean (SEM) P Mean (SEM) P 
 
Mating male 
 
Pregnant female  
 
Lactating female  
 
Haemoglobin (g/L) 160.90 (3.47) <0.001 - - - - 
Haematocrit 0.45 (0.01) <0.001 - - - - 
MCV (fL) 50.00 (0.80) 0.015 - - - - 
MCH (pg) 17.66 (0.26) 0.001 - - - - 
Platelets (x1012/L) 389.40 (29.18) 0.045 345.80 (75.34) 0.021 - - 
Lymphocytes (x109/L) * - - - - 1.60 (0.75)      <0.001 
Monocytes (x109/L) * - - - - 0.11 (0.08) 0.035 
Eosinophils (x109/L) * - - - - 0.06 (0.03) 0.004 
Anion gap (mmol/L) * - - - - 21.65 (1.38) 0.029 
Calcium (mmol/L) * - - 2.49 (0.10) 0.004 2.41 (0.33) 0.006 
Phosphorous (mmol/L) * - - - - 1.28 (0.20) 0.007 
Triglycerides (mmol/L) * 0.12 (0.03) 0.027 - - 0.14 (0.04)      <0.001 
Protein (g/L) * - - 66.02 (3.4) 0.015 61.37 (2.71)      <0.001 
Albumin (g/L) * - - 36.60 (1.96) 0.03 34.40 (1.57) 0.002 
Globulin (g/L) * 28.08 (1.13) 0.042 29.28 (2.38) 0.039 26.71 (1.86) 0.002 
Urea (mmol/L) * 2.13 (0.5) 0.001 1.89 (0.82) 0.013 - - 
Creatinine (µmol/L) * 58.91 (8.11) 0.001 - - 28.65 (6.90) 0.01 
       
Table 2.6   Mean haematological and plasma biochemistry values for reproductive 
cohorts with significant differences.  Haematology: mating male n = 30, lactating 
female n = 59, pregnant female n = 49.  Plasma biochemistry: mating male n = 35, 
lactating female n = 54, pregnant female n = 59.  *Natural log transformation. 
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Body condition cohort comparisons 
 
Statistical comparison of the mean values for each of the biomarkers between body 
condition cohorts ‘poor’, ‘fair’ and ‘good’ for P. alecto showed significant differences 
for 11 biomarkers (Table 2.7).  No significant differences were reported for body 
condition score for the P. conspicillatus population.  A significant increase in 
haemoglobin, red cell count, haematocrit, total protein, albumin, globulin, calcium, 
anion gap and triglycerides was observed with improving body condition.  Platelet, 
total leukocyte and eosinophil counts and cholesterol levels decreased with 
improving body condition.     
 
Biomarker 
 
Mean (SEM) 
 
P 
 
Poor Fair Good 
 
Haemoglobin (g/L) 157.5 (2.7) 161.4 (1.1) 165.4 (2.4) <0.001 
Red cell count(x1012/L) 8.87 (0.13) 9.04 (0.10) 9.21 (0.15) 0.001 
Haematocrit 0.45 (0.01) 0.47 (0.01) 0.48 (0.01)       <0.001 
Platelets (x1012/L) 389.8 (27.1) 372.4 (10.9) 355.1 (23.6) 0.044 
Anion gap (mmol/L) * 21.98 (0.74) 22.38 (0.31) 22.76 (0.67) 0.018 
Calcium (mmol/L) * 2.35 (0.04) 2.41 (0.02) 2.47 (0.04) <0.001 
Triglycerides (mmol/L) * 0.17 (0.04) 0.19 (0.02) 0.21 (0.04) 0.012 
Cholesterol (mmol/L) * 0.36 (0.06) 0.35 (0.02) 0.33 (0.04) 0.041 
Protein (g/L) * 62.99 (1.41) 64.59 (0.64) 66.22 (1.28) <0.001 
Albumin (g/L) * 34.61 (0.83) 35.62 (0.23) 36.67 (0.75) <0.001 
Globulin (g/L) * 27.99 (1.04) 28.73 (0.41) 29.49 (0.90) <0.001 
     
Table 2.7   Mean haematological and plasma biochemistry values for body condition 
score cohorts with significant differences.  Haematology: poor n = 38, fair n = 121, 
good n = 43.  Plasma biochemistry: poor n = 33, fair n = 123, good n = 41.  *Natural 
log transformation. 
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Temporal P. alecto reproduction and body condition 
 
The proportion of palpably pregnant females showed little difference between years 
from approximately 90% in June 2013 and 85% in May 2014, with little difference in 
stage of pregnancy at these times (Figure 2.4). There was, as expected, a strong 
seasonal decline in pregnancy to approximately 5% in December, consistent with the 
typical October birth peak.  The proportion of adult females with dependent suckling 
young showed a strong seasonal increase from 0% in August to approximately 80% 
in October, followed by a decline to 0% in February.  There was little difference 
between the proportion of lactating females throughout the post-partum nursing 
season; approximately 85% in October and 80% in February, declining to 
approximately 10% in May, reflecting weaning of the increasingly independent 
young, and coinciding with an increase in pregnancy from 10% in April to 80% in 
May.   Significant statistical correlation was shown for palpably pregnant females in 
May to August (p = 0.001) and lactating females in December (p = 0.001). 
 
 
Figure 2.4   Reproductive status of adult female Pteropus alecto.  (2013:  June n = 
86, August n = 55, October n = 67, December n = 70.  2014:  February n = 11, April 
n = 70, May n = 36) 
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Average adult female body mass was 672.7 + 87.6 g, with an average forearm 
length of 160.0 + 6.0 mm.  Average adult male body mass was 781.8 + 91.1 g with 
an average forearm length of 162.8 + 6.1 mm.  Body mass and morphometric index 
temporal trends were similar, as were the body condition scores, apart from an 
increased body condition for females in October (Figure 2.5).  Both male and female 
body condition as estimated by morphometric index was dependent on the time of 
year and demonstrated a significant correlation with month (p < 0.001) and sex (p < 
0.001).  The highest morphometric index in females was estimated in June 2013 and 
May 2014 and the lowest from August to December.  Statistical correlations between 
morphometric index and pregnancy (April to October) and lactation (October to April) 
were p = 0.075 and p = 0.018 respectively.  In males the highest morphometric index 
occurred in February and the lowest in April.   
 
 
Figure 2.5   Bodyweight (A), morphometric index (B) and body condition score (C) of 
adult Pteropus alecto (+ SEM) 
61 
 
Temporal P. alecto haematology 
 
The adjusted bi-monthly mean of each hematologic parameter was within the 
established reference range for healthy adult P. alecto.  However, with the exception 
of monocyte and basophil counts, all showed significant temporal variation between 
adjusted bi-monthly means (Table 2.8, Figure 2.6).  Significant differences were 
observed between the sexes for mean corpuscular haemoglobin (MCH) and platelet 
count.  Significantly higher haemoglobin levels were observed for females in May, 
while males had significantly lower levels in October and April.  Red cell count 
followed a similar trend where females were observed to have significantly higher 
counts in April and May, and males, a significant decrease in October.  Neutrophil 
counts in females increased significantly in October, while male neutrophil counts 
demonstrated only minor temporal changes across the study.  Female lymphocyte 
counts increased significantly in May, while male lymphocyte counts were elevated 
in December and May. 
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Figure 2.6   Hematologic parameters of adult Pteropus alecto (sex-specific bi-
monthly population mean (+ SEM)).  (Logistical constraints precluded haematology 
in June 2013.) 
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Temporal P. alecto plasma biochemistry  
 
Similarly, the adjusted bi-monthly mean of each biochemical parameter was within 
the established reference range for healthy adult P. alecto.  However, again there 
was significant temporal variability between adjusted bi-monthly means (Table 2.8, 
Figure 2.7).   
 
Significant differences were observed between the sexes for phosphorous, 
creatinine, alanine transaminase (ALT), alkaline phosphatase (ALP), albumin, 
glucose, cholesterol and triglycerides.  While males demonstrated low magnitude 
temporal variation in triglycerides and cholesterol, females, apart from a significant 
increase in triglycerides in May, demonstrated significantly higher triglyceride levels 
in February and June, and higher cholesterol levels in February, June and August.  
Glucose was significantly higher in females in February, and in males in December.  
Creatinine in females was significantly elevated from April to June, but in males in 
April and May only.   
 
Elevated levels of gamma-glutamyl transferase (GGT) in females in April and May 
were not statistically significant, but those in males in the same months were.   ALP 
in females showed a significant decrease in February, with increased levels in April 
and May; male ALP levels demonstrated significant increases in December, April 
and May.  The only significant fluctuations in electrolyte levels, were significant 
increases in female sodium and chloride levels in February, and significant 
decreases in female calcium levels in December. 
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Figure 2.7   Plasma biochemistry parameters of adult Pteropus alecto (sex-specific 
bi-monthly population mean (+ SEM)) 
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Temporal P. alecto urinalysis  
 
All examined parameters, with the exception of urinary nitrite, showed significant 
temporal variations between adjusted bi-monthly means (Table 2.8, Figure 2.8).  
Significant differences were observed between the sexes for urine specific gravity 
(USG) and urinary ketones, pH, protein, blood, leucocytes and nitrite.   Females 
demonstrated significantly lower USG in December; in males USG was significantly 
higher in February.  Males showed significant elevations in urinary ketones from 
December to May; female levels were significantly lower than males, and revealed 
no significant temporal variation.  Females demonstrated significantly higher urinary 
pH from August to April, while in males urinary pH was consistently lower with no 
significant temporal changes.  Males had significantly higher urinary leucocyte levels 
in April and May, while females had consistently low levels with no significant 
temporal change. 
 
Approximately 29%, 36%, 40% and 95% of urine samples returned positive results 
for blood, glucose, protein and ketones respectively.  Presence of urobilinogen, 
bilirubin and nitrites in urine was rare, with approximately 1%, 3% and 2% 
respectively of urine samples returning positive results.  Ketone dipstick results 
demonstrated correlation with concentration of aceto-acetate (r2 = 0.72) and no 
correlation with concentration of beta-hydroxybutyrate (r2 = 0.02).  Microscopic 
examination of urine samples that returned positive results for leucocytes, found less 
than five leucocytes per high-powered field (HPF). All urine sediment preparations 
examined revealed occasional anucleate squamous epithelial cells (less than 
5/HPF). 
 
66 
 
 
Figure 2.8   Urinary parameters of adult Pteropus alecto (sex-specific bi-monthly 
population mean (+ SEM)) 
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Biomarker YrMonth Sex YrMonth.Sex 
Haemoglobin <0.001 0.778 <0.001 
Red cell count <0.001 0.179 0.019 
Mean corpuscular volume <0.001 0.204 0.665 
Mean corpuscular haemoglobin <0.001 0.026 0.537 
Platelets <0.001 <0.001 0.799 
Neutrophil count 0.002 0.763 <0.001 
Lymphocyte count <0.001 0.380 0.004 
Monocyte count 0.476 0.359 0.234 
Eosinophil count <0.001 0.858 0.496 
Basophil count 0.090 0.515 0.815 
Sodium 0.032 0.609 0.006 
Chloride <0.001 0.542 0.003 
Potassium <0.001 0.286 0.555 
Phosphorous <0.001 0.010 0.055 
Calcium <0.001 0.146 0.048 
Bicarbonate <0.001 0.352 0.190 
Anion gap <0.001 0.480 0.051 
Aspartate aminotransferase <0.001 0.155 0.190 
Alanine transaminase <0.001 0.022 0.620 
Alkaline phosphatase <0.001 <0.001 0.021 
Gamma-glutamyl transferase <0.001 0.203 0.015 
Creatinine kinase <0.001 0.167 0.400 
Glucose 0.003 <0.001 0.039 
Triglycerides <0.001 <0.001 <0.001 
Cholesterol <0.001 <0.001 <0.001 
Albumin <0.001 0.017 0.140 
Globulin <0.001 0.473 0.446 
Urea <0.001 0.997 0.065 
Creatinine <0.001 <0.001 <0.001 
Bilirubin <0.001 0.328 0.130 
USG <0.001 <0.001 0.022 
Ketones <0.001 <0.001 0.002 
pH <0.001 <0.001 <0.001 
Protein <0.001 0.002 0.098 
Glucose 0.005 0.547 0.272 
Blood 0.014 <0.001 0.062 
Leucocytes <0.001 <0.001 0.028 
Nitrite 0.708 0.002 0.463 
    
Table 2.8   General Linear Model analysis of adult Pteropus alecto hematologic, 
biochemical and urinalysis parameter population means with sex and time 
(significance level p < 0.05). 
68 
 
 
Injured animal analysis 
 
Hematologic and biochemical variables were analysed for 11 injured P. alecto and 
compared to the established normal reference ranges.  Values from 9 animals with 
recent minor or healing injuries, including abrasions, lesions, abscesses, and in one 
case a missing eye, showed little or no deviation from either hematologic or 
biochemistry reference values.  An adult female with a torn anal sphincter returned 
an elevated neutrophil count (8.9 x109/L), while all other variables were within the 
normal ranges.   
 
The most severe injury observed was in a sub-adult female, which had extensive 
abscessation extending 7 cm along the dorsum of her spine, including deep 3 cm 
pockets in the axilla and ventral neck region (Figure 2.9), likely resulting from a 
raptor attack.  Chest X-rays revealed significant opacity over the left lung field, and 
thoracentesis confirmed the presence of a serosanguinous effusion, suggesting lung 
abscessation.  This animal showed decreased haemoglobin concentration (132 g/L), 
red cell count (7 x1012/L) and haematocrit (0.38), consistent with mild anaemia, while 
platelets (887 x109/L), white blood cells (19.5 x109/L), neutrophils (7.2 x109/L), 
lymphocytes (10.7 x109/L) and monocytes (1.6 x109/L) were all elevated.  It also had 
elevated globulins (36 g/L), concomitant with a decrease in albumin (28 g/L), 
resulting in a decreased albumin:globulin ratio (0.8).  Due to a poor long-term 
prognosis, the animal was euthanased. 
 
 
Figure 2.9   Pteropus alecto with extensive abscessation along dorsum of spine 
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Species Comparison 
 
Although significant differences were found between the two paraphyletic species of 
P. alecto and P. conspicillatus (Table 2.9), the P. conspicillatus mean population 
values fell within the established normal reference ranges for P. alecto.  P. 
conspicillatus reported higher values for platelet and eosinophil counts, bilirubin, 
protein, albumin, AST, ALT and triglycerides, and lower values for haemoglobin, 
MCV, MCH, calcium, phosphorus and GGT compared with the P. alecto population 
at the same time of year.  There was no significant difference between the 
pregnancy rates for females between the populations, with 90% of P. conspicillatus 
females pregnant comparable to the 85% of adult P. alecto females.  However, there 
was a significant difference between the prevalence of intra-erythrocytic protozoal 
parasites on blood smear examination, with a reported prevalence of 4% in the P. 
alecto population and 58% (16/22 females and 12/28 males) in the P. conspicillatus 
population. 
 
Biomarker Mean (SEM) P 
 P. conspicillatus P. alecto  
Haemoglobin (g/L) 167.0 (2.0) 175.9 (3.0) 0.044 
MCV (fL) 48.25 (0.70) 51.72 (0.82) 0.021 
MCH (pg) 16.56 (0.08) 18.52 (0.17) <0.001 
Platelets (109/L)  479.9 (22.8) 376.3 (28.3) 0.039 
Eosinophils (109/L) 0.186 (0.017) 0.081 (0.027) 0.014 
Calcium (mmol/L) 2.34 (0.02) 2.50 (0.02) 0.002 
Phosphorus (mmol/L) 1.04 (0.13) 1.68 (0.10) 0.008 
AST (U/L) 81.65 (1.11) * 52.84 (1.10) * 0.028 
ALT (U/L) 20.99 (1.07) * 14.69 (1.08) * 0.011 
GGT (U/L) 3.82 (1.14) * 6.21 (1.10) * 0.018 
Triglycerides (mmol/L) 0.39 (0.045) * 0.31 (0.046) * 0.027 
Protein (g/L) 78.04 (1.31) 70.78 (1.06) 0.004 
Albumin (g/L) 45.17 (0.84) 39.22 (0.66) <0.001 
Creatinine (umol/L) 24.82 (2.09) 83.64 (3.64) <0.001 
Bilirubin (umol/L) 3.06 (0.024) * 2.25 (0.026) * 0.006 
    
Table 2.9   Significant differences analysis between P. conspicillatus and P. alecto 
biomarker values for June in Queensland.  * Log transformed. 
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Discussion  
  
This chapter presents the first large study to establish baseline health data for wild 
Australian Pteropus species, presenting ranges of morphological measurements and 
urine biomarkers, and haematological and plasma biochemical reference ranges for 
both P. alecto and P. conspicillatus.  It describes variation in these values related to 
changes in physiological status and describes the temporal variation in key 
physiological biomarkers of P. alecto to determine whether such changes could be 
explained by natural life-cycle events, or whether they indicated environmental 
stressors such as food availability or seasonal climatic conditions.   
 
This study focussed on two flying-fox roosts, one in sub-tropical South East 
Queensland (SEQ) habituated by P. alecto and one in tropical Far North Queensland 
(FNQ) habituated by P. conspicillatus.  These roosts are each considered 
representative of a dynamic regional population of each of the species of flying-
foxes.  This contention is supported by observations of flying-fox roosts suggesting a 
potential 10% daily population turnover (Welbergen, personal communication), 
telemetry studies showing that P. alecto move frequently and up to 450 km between 
roost sites (Edson, personal communication), that P. conspicillatus are highly mobile 
within their limited range (McKeown, personal communication), and genetic studies 
demonstrating that Pteropus species on mainland Australia are panmictic, 
suggesting that the mating between individuals is not influenced by any 
environmental, hereditary, or social interaction (Webb and Tidemann, 1996). 
Although the two populations were geographically disparate, as the two species are 
considered to be paraphyletic (Almeida et al. 2014), follow synchronous life cycles 
(Churchill 2008), and were sampled at the same time of year, the comparison 
between the species’ physiological biomarkers is both legitimate and informative.  
 
Heard et al. (2006) concluded that plasma can successfully be used for biochemical 
analysis in flying-foxes, but may result in higher globulin and creatinine kinase values 
and lower potassium values compared to serum analysis.  Plasma biochemical 
analysis was chosen in preference to serum analysis in this study, as the lithium 
heparin plasma matrix can also be used in a variety of other assays.  The 
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aforementioned findings associated with the use of the plasma matrix were 
considered in the interpretation of the findings. 
 
Day et al. (2001) found that values for glucose and chloride in heparinised blood 
samples decrease over storage time, while potassium and phosphorus levels 
increase with time.  To avoid these issues, blood glucose measurements were taken 
at the time of bleeding, all lithium heparin blood samples were chilled immediately 
after collection and plasma was separated by centrifugation and collected within 6 
hours of bleeding.  The glucose measurements are considered to be putative fasting 
measurements as bleeding routinely occurred at least 2 hours post capture.  
However, there may be variation in blood glucose levels dependent on the time 
between capture restraint and the time of sampling, due to a typical physiological 
gluconeogenesis response to capture stress. 
 
Heard and Huft, (1998) found that both short term physical restraint and isoflurane 
anaesthesia of P. hypomelanus were associated with changes in a number of 
hematologic and biochemical variables, but found the overall magnitude of the effect 
was greater for the physically restrained animals.  No stress leukogram response 
was observed with either restraint method.  Given the animal welfare and human 
safety benefits, isoflurane anaesthesia was used to facilitate the collection of blood 
samples.    
 
Reference ranges and cohort comparisons 
 
The normal reference ranges determined in this study represent values from 
clinically normal animals assessed by physical examination, identifying obvious 
lesions or abnormalities of the skin, bones, abdomen, thorax, mouth and nervous 
system.  Animals with clinical signs of illness, in addition to outlying values, were 
excluded.  Accounting for underlying issues not presenting with clinical signs, such 
as infection with known or unknown viral, bacterial or parasitic agents, was beyond 
the scope of the study and thus their effect on the reference ranges is not 
established. 
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Comparison of the normal reference ranges established in this study for P. alecto 
and P. conspicillatus with those of a number of other mammalian species 
demonstrates that the former are biologically plausible.  Erythrocyte parameters are 
relatively consistent between flying-foxes, common brushtail possums, dogs and 
rats.  Leukocyte parameters, where the predominant leukocytes present are 
neutrophils, are similar between flying-foxes, brushtail possums, canines and cats, 
but dissimilar to rats and cattle where lymphocytes are the predominant circulating 
leukocyte in healthy individuals (Wells et al. 2000; Thrall 2004).  P. alecto and P. 
conspicillatus biochemical biomarkers are similar to those of dogs, but differ with 
respect to liver enzymes, urea, creatinine and cholesterol values.  This is plausibly 
due to the high protein and fat diet of carnivores compared to the low protein and fat 
diet of flying-foxes, which are predominantly blossom and fruit feeders (Churchill 
2008).  
 
The range of urine specific gravity of individual P. alecto of 1.001 to 1.037 
demonstrates lower values when compared to normal reference ranges of rats, dogs 
and cats (Johnson, 1996; Merck, 2015), and just over 24% of all measured USGs 
were in the isosthenuric range of dogs and cats (1.008 – 1.012).  Two percent of 
values were found to be equal to or above 1.040, suggesting that a small minority of 
animals returning from nightly foraging may be under-hydrated.  Studier and Wilson 
(1983) found that the urine concentrating ability of nectarivorous and frugivorous 
bats fell below that of insectivorous bats, suggesting that frugivorous bats are poorly 
adapted to produce concentrated urine, while Bakken et al. (2008) in studies of a 
nectarivorous bat, suggest that water and electrolyte balance are maintained by 
eliminating excess ingested water by reducing renal water reabsorption, and 
limitation of urinary water loss during fasting by reducing glomerular filtration rate. 
 
The mean hematologic and plasma biochemistry values and normal adult reference 
ranges reported here for P. alecto and P. conspicillatus are consistent with previous 
reports for Pteropus species, with the exception of mean leukocyte, neutrophil and 
lymphocyte counts (Heard and Whittier 1997; Olsen, 2002; Ruykys et al. 2012; 
Heard and Whittier 1997; Hall et al. 2013; ISIS 2014).  In some Pteropus species, 
higher mean total leukocyte counts have been reported, usually associated with a 
higher mean lymphocyte count than report in P. alecto and P. conspicillatus in this 
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study.  An approximate 2:1 ratio of mean neutrophil to lymphocyte counts was found 
for P. alecto and P. conspicillatus in this study, which is similar to findings for P. 
poliocephalus, P. scapulatus, P. giganteus, P. voeltzkowi, P. vampyrus, and P. 
rodricensis, while lymphocyte counts for P. melanotus, P. pumilus, and P. 
hypomelanus, were equal to or exceeded neutrophil counts (Heard and Whittier 
1997; Clark 2004; McLaughlin et al. 2007; Hall et al. 2013; ISIS 2014).  
 
While all of the above species’ mean leukocyte counts fell within established 
reference ranges for Pteropus species, care must be taken when interpreting 
hematologic data as reflective of a ‘normal’ population.  It is not clear whether the 
differences among Pteropus species’ mean leukocyte counts reported in other 
studies are due to physiologic or environmental differences, small sample size, 
sampling biases or different immune system stimulations indicative of physiological 
stress or disease status.   
 
The use of biochemical values as indicators of nutritional and health status of a 
population must also be considered with care and appropriate statistical analyses, as 
they may be confounded by large environmental variation (Ruykys et al. 2012).  For 
the P. alecto study, the large number of samples, exclusion of sick and injured 
individuals, year round sampling (encompassing all reproductive states and seasonal 
effects) and exclusion of outlying values prior to reference range calculation, make a 
robust normal reference range for P. alecto.  The reference range presented in this 
study for P. conspicillatus must be interpreted with care, as although the majority of 
the above mentioned confounding factors have been addressed, the sampling 
occurred at one time point only.  As such, the analyses have compared the 
established P. conspicillatus ranges with the ranges of values from P. alecto in June 
only. 
 
As sex-specific seasonal changes were demonstrated by Welbergen (2011), 
highlighting the difference in timing of maximal reproductive effort between sexes of 
P. poliocephalus, this study sought to investigate the possible effect of life stage by 
analysing differences between partitioned groups for sex, age, reproductive status 
and body condition.    Care must be taken in interpreting the results if group size is 
small.  Ruykys et al. (2012) suggest a target size of 40 values to establish reliable 
74 
 
comparisons.  By this definition, the study had small cohorts for P. alecto mating 
males, immature animals and animals in poor body condition.  With respect to 
immature animals and animals in poor body condition, the small data sets were due 
to the low numbers of these individuals captured and the decision on welfare 
grounds not to take volumes of blood exceeding 1% of body weight.  The small data 
set for mating males was due to the short peak mating season, with only a limited 
number of animals able to be sampled during that period.    
 
The majority of mean values for each cohort of significant difference fell within the 
demonstrated normal adult reference range. The biological significance of these 
statistically significant findings should not be over interpreted, and it is likely that 
some of the observed differences are of little or no clinical relevance (Thrusfield 
1997).   
Differences were found for some parameters between age, sex, reproductive and 
body condition cohorts in the study of P. alecto.  The differences between the sexes 
for the P. conspicillatus study were consistent with those for P. alecto, however, due 
to the small sample size and the single sampling event for the P. conspicillatus 
population, age and reproductive status comparisons were unable to be performed.  
Additionally, no significant association was found between P. conspicillatus body 
condition score and hematologic, biochemistry and urine biomarker values was 
found, whereas in P. alecto, several significantly associated hematologic and plasma 
biochemistry biomarkers were recorded.  This disparity may reflect the smaller 
sample size and single sampling event for P. conspicillatus (n = 50) in this study 
compared with the larger sample size for the P. alecto study (n = 253 - 293) and the 
multiple sampling events over a 12-month period capturing lifecycle variation. 
The study reports sexual dimorphism for both P. alecto and P. conspicillatus with 
respect to weight and forearm measurements, with males having significantly higher 
weights and longer forearms.  The presence of urinary ketones is usually an 
abnormal clinical finding in mammals.  The high levels of ketones in P. alecto and P. 
conspicillatus male urine are likely linked to sexual glandular excretions (Wagner, 
2008).  Males showed limited presence of blood in urine and females showed 
significantly higher levels of blood in the urine, likely associated with early 
75 
 
pregnancy. The elevations in male urinary biomarkers of protein and leucocyte 
count, may be attributable to the presence of spermatozoa in the urine. 
 
The increased ALP and phosphorous reported in young animals is expected where 
bone growth is occurring.  AST and ALT levels were also significantly increased in 
juvenile animals.  While ALT activity tends to be relatively specific to hepatic 
parenchymal cells, AST is found in a wide range of tissues, including the liver, heart, 
brain, skeletal muscle and erythrocytes.  Whilst elevated AST can be an indicator of 
capture myopathy (Clarke et al. 2013), a concomitant elevation in creatinine kinase 
(CK) is also expected in such situations and was not seen in this study.  The 
magnitude of difference between age cohort levels of AST was relatively modest, 
whereas in situations of tissue insult, this enzyme would be expected to be elevated 
several-fold, and hence it is most likely that the higher AST and ALT values in the 
juvenile cohort were representative of physiologic status and altered enzyme activity 
related to growth.   
 
Total protein, albumin and globulin levels for immature animals tended to be low-
normal, consistent with the expected higher physiological demand during growth.  
The erythrocyte panel demonstrated significant increases with increasing maturity, 
suggesting that the increasing trend of red cell indices represents not only a greater 
circulating red cell mass, but also a greater red cell content of haemoglobin.   The 
lower leukocyte counts observed in adult flying-foxes is not unexpected given the 
mature status of their immune systems.  Higher absolute lymphocyte numbers 
observed in juveniles are a common finding in mammals of many species (Heard 
and Whittier 1997).   Absolute lymphocytosis can occasionally be significant in young 
animals due to excitement or immune stimulation which would be a natural response 
to the capture process (McLaughlin et al. 2007), and also indicate that the young 
animal may still be adapting immune responses to its environment.  Stress 
leukograms were an uncommon finding in this study with only two individual animals 
exhibiting lymphopenia in combination with neutrophilia. 
 
The low lymphocyte, monocyte and eosinophil counts for lactating females raises the 
possibility that sex and reproductive status differences between variables could be 
related to different hormone profiles and behavioural characteristics.   Although sex 
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differences in red cell counts are common in animals, with males usually having 
higher values (Clarke et al. 2013), no significant differences between sexes was 
found, apart from lower values in mating males which may indicate the high demand 
of mating.  Total protein, albumin and globulin levels for lactating females tended to 
be low-normal, consistent with the expected higher physiological demand during 
reproductive life cycles.  Higher albumin levels, often reported in lactating females as 
a function of hydration status (Clarke et al. 2013) were not observed in the study.  
Lower levels of glucose were reported for males which also had high normal levels of 
both creatinine and urea during peak mating, possibly associated with dehydration or 
catabolism of muscle protein (Clarke et al. 2013).  Females also had high normal 
levels of urea during pregnancy and lactation, also likely to be associated with these 
physiologically demanding life cycles.   
 
The decreased level of triglycerides in lactating females and mating males may 
indicate higher physiological demand and a depletion of energy stores, supported by 
the demonstrated increasing triglyceride levels with improving body condition.  
Conversely cholesterol levels were found to decrease with improving body condition.  
This raises questions on the importance of lipid metabolism in flying-foxes that 
consume a predominantly low fat diet.  Decreased levels of total protein, albumin 
and globulin levels were reported for animals in poor condition which is consistent 
with other studies of Pteropus species (McLaughlin et al. 2007; Hossain et al. 2013) 
and may be due to a lower proteinaceous plane of nutrition.  The erythrocyte panel 
demonstrated significant increases with improving body condition, consistent with 
previously reported findings that haemoglobin and red cell count are positively 
associated with general body condition and survival (Rhukys et al. 2012).   
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Temporal Variations 
 
This study identifies and describes temporal variations in key physiological 
biomarkers in P. alecto, and determines whether such changes could be explained 
by natural life-cycle events, or whether they indicated environmental stressors such 
as food availability or seasonal climatic conditions.  Significant temporal variation in 
numerous physiological biomarkers was found between sampling events and within 
sampling events, evidently associated with gender, reproductive status or body 
condition.    
 
Body condition is an important indicator of an animal’s fitness, usually referable to 
magnitude of energy stores relative to the structural size of the animal (Green, 
2001).   The use of morphometric index as a sole indicator of body condition has 
been the subject of contention (Green, 2001), and thus body mass and body 
condition score were also recorded.  The differing measures used to establish body 
condition demonstrated similar temporal trends.  Fitness-maximising strategies of 
males and females typically differ, particularly with respect to timing of maximal 
reproductive effort, resulting in sex-specific seasonal cycles in body mass, body 
condition and fat deposition (Lindstedt and Boyce, 1985; Welbergen, 2011).    
Female body condition declined during the lactation period and increased as the 
young were weaned.  This likely reflects the high metabolic load that lactation 
imposes on nursing dams, and is consistent with the general observation that 
lactation is the most energetically demanding period across all mammalian species 
(Millar 1977; Thometz et al. 2014).  In contrast, males accumulated body reserves 
prior to the breeding season, but subsequently lost body mass during the peak 
mating season (March and April), likely due to territory defence, courtship and lost 
foraging opportunities (Welbergen 2011).  As body condition followed distinctly 
different seasonal patterns for each sex, food availability or environmental conditions 
are unlikely to be the primary driver of body condition in this species at these times.     
 
The temporal trends in red cell count and haemoglobin follow similar temporal trends 
as body condition for each sex, with a trend towards lower values in October for 
females during birthing and early lactation followed by a steady increase during 
weaning and pregnancy.  Males demonstrated an increasing trend during the lead up 
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to mating between December and February, followed by a low point during peak 
mating.  This finding is consistent with other wildlife studies which have 
demonstrated that erythrocyte parameters are closely correlated with body condition 
(Algar et al. 1988; Ruykys and McCarthy, 2012).   
 
Sex-related differences in observed temporal trends for lymphocyte and neutrophil 
counts might be related to respective male and female reproductive cycles.  
Neutrophil counts were highest and lymphocyte counts lowest for females during the 
birthing season and early lactation consistent with a peri-parturient cortisol spike 
observed in well-studied domestic species (Guidry et al. 1976).  Examination of 
blood smears from female animals in October confirmed that all neutrophil 
populations were mature, suggesting that the increased neutrophil counts during this 
time were most likely due to a redistribution effect as a result of cortisol or 
sympathetic nervous system activation, and not part of an active inflammatory 
response.   
 
Although statistically significant, the magnitude of temporal changes in glucose, 
albumin, triglyceride and cholesterol levels were still relatively minor and within the 
established normal reference ranges, most likely reflecting cyclic physiological 
changes and seasonal diet content.  As P. alecto is predominantly frugivorous, 
feeding on both fruit and blossom (Jackson, 2003; Churchill, 2008), the higher blood 
glucose during the summer months plausibly reflects fruit being a major dietary 
component at this time.  The increasing trend of plasma albumin in the winter 
months might be due to increased availability of blossom, yielding a higher protein 
food source (Roulston and Cane, 2000).   
 
Interpretation of the temporal changes in plasma triglycerides and cholesterol is 
initially challenging since P. alecto has a low fat diet, and thus very low levels of 
circulating fatty acids (Riedesel, 1977).  The changes most plausibly indicate 
mobilisation and depletion of lipid energy stores during demanding stages of the life-
cycle or ecologically driven physiological demand, for example the demand of 
thermoregulation in winter (Thomas and Palmiter, 1997).  This is particularly evident 
in the decreasing triglyceride and cholesterol levels in pregnant females transitioning 
to lactation, followed by an increase in triglycerides around the time of weaning, 
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consistent with findings in other domestic and wild mammal species (Srivastava and 
Krishna, 2008; Kessler et al. 2014).  Males tended to have slightly decreased levels 
of triglycerides in April, possibly attributed to altered trafficking as a result of the high 
metabolic demand of peak mating, but otherwise demonstrated little change in 
triglyceride and cholesterol levels.   
 
The elevation of ALT, AST, GGT and ALP enzyme activity in females in October 
might plausibly be associated with the physiological demands of birthing and early 
lactation, which could place increased metabolic load upon the liver and other 
tissues, while in males the December elevation may be associated with the switch in 
physiological demand to an anabolic state associated with the build-up in body 
reserves for the mating season, the physiological demands of movement to a 
breeding colony, establishing territory and breeding harems and potentially differing 
foraging behaviour during this time.   
 
Creatinine and urea levels were also generally higher across the autumn and winter 
months from April to August, and GGT and ALP activity higher in April and May, 
possibly due to greater physiological demands of thermoregulation, lower levels of 
hydration, increased hepatocellular enzyme activity associated with increased 
protein intake or the effects of pregnancy on females and the physiological demands 
during peak mating in Autumn for males.  However, the elevations were not of a 
magnitude consistent with nutritional stress or obvious tissue insult, and are most 
likely to be reflective of life-cycle stages.  Females also exhibited temporal trends in 
calcium and phosphorous levels consistent with lactation and weaning, and both 
sexes exhibited mild elevations in bicarbonate during summer which might be 
associated slight fluctuations in acid-base homeostasis and osmoregulation. 
 
The high levels of ketones in male urine are likely linked to glandular excretions 
associated with the build up to peak mating, and have previously been reported in 
the urogenital secretions of the paraphyletic P. conspicillatus (Wagner, 2008).  If 
ketogenesis was the source of urinary ketones, evidence of mobilisation of 
triglycerides and declining body condition could be expected.  However, there were 
significant increases in male body condition, more indicative of an anabolic metabolic 
state prior to mating, when urinary ketone levels were highest.  There was also no 
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evidence that the presence of urinary ketones in male P. alecto was associated with 
a clinically-significant metabolic acidosis.        
 
Males showed limited presence of blood in urine and females showed significantly 
higher levels of blood in the urine during peak mating and pregnancy, plausibly 
associated with copulation and early pregnancy.  The higher urine protein levels in 
males and females in February and April plausibly reflect peak mating period and the 
presence of spermatozoa in urine.  Alternatively, mild elevations of protein levels in 
both sexes could theoretically be attributed to mild transient renal functional 
abnormalities following a severe heat stress event in South East Queensland in 
January 2014 (Welbergen, 2014), however there was no concomitant 
hypoalbuminemia consistent with a clinically significant protein-losing 
glomerulonephritis.  The increase in urinary glucose levels in females in February 
2014, could plausibly be explained by the same aforementioned heat stress event, 
although the elevations were not found to be statistically significant, nor were 
elevations observed in males.     
 
The temporal change in female urine pH may be indicative of differing availability or 
preference for a high carbohydrate fruit diet during the summer months while 
lactating.  A more acidic urinary pH is usually indicative of a higher dietary acid load 
(typically higher protein content), while more alkaline pH is indicative of a higher 
carbohydrate diet (McIntosh, 2012).   However, the differing urine pH profiles 
between males and females is most plausibly due to the differing physiological status 
between the sexes, in particular lactation in females, rather than differing diets, as 
there is no evidence supporting differing foraging behaviours between the sexes of 
P. alecto (Palmer and Woinarski, 1999; Markus and Hall, 2004).   
 
An elevated USG in males during February was observed, which may be consistent 
with a reduced hydration status attributable to territorial defence and harem 
establishment prior to the peak mating season in April.  In females, USG was 
uniformly low during lactation but high during pregnancy, when it is accepted that 
blood volumes in mammals commonly increase and conservation of fluids occur.  
The low USG values during lactation may alternatively reflect a high intake of fluid to 
support the physiologically demanding life-cycle event of lactation.  The significant 
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temporal differences between USG in males and females suggest that hydration 
status was more reflective of physiological and behavioural factors rather than 
environmental availability of water, and does not suggest any renal pathology.   
 
While significant temporal changes to several hematologic and biochemical 
parameters were observed in this study, all observations remained within established 
reference ranges. The temporal changes observed are plausibly explained by life-
cycle stage, and fundamentally do not reflect external stressors.  However, it is 
acknowledged that the study period was of limited duration, and that in other years, 
additional variation could be imposed by negative external factors. 
 
Injured Animals 
 
The presence of only a small number of injured or ill animals examined in this study 
is normal within a wild population, as seriously injured or sick wild animals would 
likely succumb to death by predation or natural attrition.  While the cohort was small, 
this did afford the opportunity to compare hematologic and biochemical parameters 
between clinically normal individuals used to establish normal reference ranges, and 
those with evidence of injury.  While values reported in animals with recent, minor or 
healed injuries or lesions, demonstrated little or no deviation from either normal 
hematologic or biochemistry reference values, when lesions were more significant 
and showed signs of infection, leukocyte counts were significantly elevated, 
demonstrating the expected normal mammalian response to insult and infection. 
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Species Comparison 
 
Comparing mean population biomarker values, the majority of P. conspicillatus 
values were not significantly different to temporally comparable P. alecto values.  
Although the two populations were geographically disparate and sampled in different 
years, P. conspicillatus in tropical Far North Queensland (FNQ) and P. alecto in sub-
tropical Southeast Queensland (SEQ), as the two species are considered to be 
paraphyletic (Almeida et al. 2014), follow synchronous life cycles (Churchill 2008), 
and were sampled at the same time of year, and thus the comparison is both 
legitimate and informative.  This finding supports the contention that these are 
paraphyletic species with similar physiological values and responses.   
 
The significant difference between the prevalence of intra-erythrocytic protozoal 
parasites on blood smear examination, with a reported prevalence of 4% in the P. 
alecto population and 58% (16/22 females and 12/28 males) in the P. conspicillatus 
population is interesting, and is reflected in biomarker values.  P. conspicillatus had  
higher eosinophil and platelet counts, and lower haemoglobin, MCH and MCV 
values, all of which are consistent with the higher prevalence of intra-erythrocytic 
parasites (Weber et al. 2002; Opara and Fagbemi, 2008).  The difference in 
prevalence between the two species most plausibly reflects the differing tropical and 
sub-tropical climatic conditions that are respectively more or less conducive to vector 
presence and transmission.  There is a marked variation in the between-sex 
differences for leucocyte biomarkers in the two species.  This finding plausibly 
reflects the higher prevalence of intra-erythrocytic parasites in the female P. 
conspicillatus cohort, and thus elevations in eosinophils, monocytes and total white 
blood cells (Weber et al. 2002; Opara and Fagbemi, 2008).   
 
P. conspicillatus also had higher protein and albumin values, likely reflecting a higher 
quality and quantity of available food resources in a tropical rainforest habitat.  The 
higher triglycerides in P. conspicillatus is consistent with less winter depletion of fatty 
acid reserves in a tropical environment, hypothesised to be associated with 
thermoregulation demands in P. alecto in sub-tropical SEQ in winter.   
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The marked variation in AST, ALT and GGT values in the two species is intriguing. 
Although the population mean levels show statistically significant differences, these 
differences may or may not be of clinical significance.  Ten per cent of P. 
conspicillatus had AST values 2 to 7 times higher than the upper reference range 
value of P. alecto, 20% had ALT values up to 6 times higher, and 85% had GGT 
values below the lowest detectable limit. In addition, 40% had ALP levels higher than 
the reference range, however this difference was not statistically significant. While 
ALT and AST are classically employed as markers of hepatocellular insult, there is 
also significant ALT activity in muscle and AST activity in both muscle and 
erythrocytes. Elevations of these enzymes were not associated with increased 
creatine kinase, excluding muscle necrosis as a likely cause, suggesting that the 
liver was the most likely source of increased ALT and AST.   
 
The findings are most likely reflecting some degree of hepatic stress or insult, and 
could be a reflection of the higher intra-erythrocytic parasite burden in P. 
conspicillatus.  Intra-erythrocytic parasites can result in accelerated erythrocyte 
turnover, placing hepatic metabolic and excretory pathways under greater duress. 
The findings are an interesting parallel to the emergence of neo-natal cleft palate 
syndrome in P. conspicillatus, as toxin exposure during early pregnancy is known to 
cause birth defects in mammals (Rogers and Kavloc, 1996).  It is also possible that 
the marked changes in these liver enzyme levels are indicative of liver toxin 
exposure in some individuals in May or June, which corresponds to early pregnancy 
in P. conspicillatus (Churchill 2008), and the likely timing of embryonic palate 
formation (Bush and Jiang 2012).  However, the possibility that enzyme changes 
may be due to other physiological factors affecting liver function, or insult in other 
tissues cannot be excluded.   
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Conclusions 
 
This study has advanced knowledge and understanding of the physiological 
biomarkers of two mainland Australian Pteropus species of Pteropus alecto and 
Pteropus conspicillatus.  Comparison of the mean population biomarker values 
between the two species supports the contention that these are paraphyletic species 
with similar physiological values and responses.  Establishing normal reference 
ranges are useful in assessing population and individual health of Pteropus species, 
with this study reporting significant changes in biomarker values with both parasite 
and bacterial infection. 
With respect to P. alecto, the findings indicate that the temporal variation in body 
condition, hematologic, biochemical and urinalysis parameters are consistent with 
the physiological and energetic demands of life-cycle and not fundamentally driven 
by environmental stressors such as resource availability or normal seasonal 
climactic conditions. The study did not find an evident effect of remarkable 
physiological or nutritional stress, or indication of clinical disease driving any 
parameter values outside the normal species reference ranges.   
As both ecological processes and physiological status can influence patterns of 
infection and/or disease risk, the findings identify underlying temporal physiological 
variation at the population level that usefully informs epidemiological studies.  In the 
Australian context, the findings will be valuable in assessing putative physiological 
risk factors driving Hendra virus infection in P. alecto.  More broadly, this study adds 
to the knowledge of Pteropus populations in terms of their relative resistance and 
resilience to emerging infectious disease.  The findings provide baseline data 
essential to measure and interpret flying-fox population health in ecological and 
epidemiological contexts.     
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CHAPTER 3  
 
 
Hendra virus and Physiological biomarkers in 
the Black flying-fox (Pteropus alecto) 
 
 
 
This chapter comprises material accepted for publication in the 
article: 
 
McMichael L, Edson D, Mayer D, Broos A, Kopp S, Meers J, Field H.  2017. 
Physiologic biomarkers and Hendra virus infection in Black flying-foxes (Pteropus alecto), Australia.   
Journal of Wildlife Disease 53(1). 
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Introduction 
 
In Australia, bats of the genus Pteropus (Pteropodidae), colloquially known as flying-
foxes, have been identified as the natural reservoir of Hendra virus, a novel zoonotic 
agent responsible for morbidity and mortality in horses and humans (Murray et al. 
1995; Halpin et al. 2000).  Of the four species endemic to mainland Australia, the 
Black (Pteropus alecto) and Spectacled (P. conspicillatus) flying-foxes are the 
evident primary reservoir hosts (Smith et al. 2014; Edson et al. 2015b; Goldspink et 
al. 2015; Field et al. 2015).   
 
It has been suggested that flying-foxes and Hendra virus (and more broadly, bats 
and henipaviruses), have co-evolved, and that the consequent mature host-agent 
relationship results in an absence of overt clinical disease associated with infection 
(Halpin et al. 2011).  However, to date, the impact of Hendra virus infection on 
relevant physiological biomarkers in flying-foxes has not been measured.   
 
A number of previous studies have suggested that various physiological factors 
(including physiological stress associated with reproduction and sub-optimal 
nutrition) may be positively associated with Hendra virus infection in flying-foxes 
(Field 2005; Plowright et al. 2008; Breed et al. 2011), and by extension, with spill 
over to horses and humans (Field et al. 2011; Field et al. 2012; Plowright et al. 
2014).  However, biological drivers of physiological stress are inherently difficult to 
measure directly, as they can incorporate factors as diverse as immune function, 
endocrine function, neurological function, nutrition, reproduction, environmental 
conditions and social interactions (Bartolomucci 2007; Busch et al. 2009; Martin 
2009).   
 
The measurement of physiological biomarkers (using hematologic, biochemical and 
urine analyses) offers a practical and effective alternative to direct measurement, 
and is routinely used in human and veterinary medicine (O’Brien and Endean 2001; 
McLaughlin et al. 2007; Hall et al. 2013).  Reference ranges for hematologic and 
biochemical biomarkers in P. alecto, as well as attributed seasonal variation, have 
been discussed in the previous chapter.  This chapter examines the relationship 
between Hendra virus infection status and a suite of physiological biomarkers, 
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defined by haematology, plasma biochemistry and urinalysis and tests the 
hypotheses of nutritional and reproductive physiological stressors as drivers of 
Hendra virus infection.  The findings are discussed in the context of putative 
physiological and environmental risk factors for Hendra virus infection in P. alecto. 
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Methods 
 
Animals, ethics and study sites 
 
Fieldwork was conducted under the Queensland Department of Agriculture, 
Fisheries and Forestry Animal Ethics Committee Permit SA 2011/12/375, and the 
Queensland Department of Environment, Heritage and Protection Scientific 
Purposes Permits WISP05810609 and WISP14100614. 
 
Blood, urine and swab samples were collected from individual wild-caught P. alecto 
during seven bi-monthly catching events at a peri-urban parkland roost at Boonah, 
South East Queensland, Australia between June 2013 and May 2014.  This study 
encompassed samples collected during the previous study presented in Chapter 2 
plus animals tested as Hendra virus positive, excluded from the reference range 
calculation.  The study was a discrete component of a larger epidemiological study of 
Hendra virus disease ecology reported elsewhere (Edson et al. 2015b).   
 
Animal Capture and Sampling 
 
Bats were captured pre-dawn as outlined in chapter 2, and subsequently 
anaesthetised (under veterinary supervision) using the inhalation agent isoflurane 
and medical oxygen, as described by Jonsson et al. (2004).  Post-capture sampling 
was random. Sex and age-class (estimated by forearm length (mm), weight (g), and 
presence of secondary sexual characteristics) (Epstein et al. 2008) were recorded 
for each bat.   
 
Three mL of blood (approximately 0.5% total blood volume) was collected from the 
propatagial (cephalic) vein and dispensed into a 1.3 mL Lithium Heparin blood tube 
(Sarstedt 41.1393.105), a 0.5 ml EDTA tube (Microtainer 5974), and a 1.0 mL serum 
tube (Sarstedt 41.1392.005).  All blood samples were collected within 6 hours of 
capture.  Urine samples were sought by trans-abdominal palpation and gentle 
manual bladder expression.  Nasal, oral, rectal, and urogenital (females) or preputial 
(males) swabs were taken into 0.5 mL of phosphate buffered saline.   
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After anaesthesia, each bat was monitored until conscious, and haemostasis at the 
venepuncture site was confirmed prior to the animal being placed into a suspended 
pillowcase to fully recover for at least 30 minutes before release at the capture site. 
 
Hematologic, biochemical and urine analysis 
 
Blood samples were submitted to the accredited Queensland Medical Laboratory 
(QML), for haematology and plasma biochemistry.  Blood glucose concentration 
measured at the time of bleeding using an ACCU-CHEK Performa glucometer 
(Roche Diagnostics GmbH) as per McMichael et al. (2015).  Urinalysis was 
conducted at the field site within 4 hours of urine collection using Urispec Plus 
reagent test strips (Henry Schein, Germany, product number 900-3567).  Each urine 
sample was ascribed the highest semi-quantitative value for the corresponding test 
strip reaction colour or intensity upon visual assessment.  Urine specific gravity 
(USG) was measured using a hand held clinical refractometer. 
  
Hendra virus detection 
 
Serum and urine samples from all animals were screened for Hendra virus 
RNA.  Animals that initially tested positive or equivocal on one of these samples then 
had their full complement of samples screened for Hendra virus RNA.    Where a 
urine sample could not be obtained, the urogenital or prepucial swab was tested as a 
proxy.  Fifty µL of each serum, urine and swab sample was added to a 
corresponding 130 µL MagMax lysis buffer (AM 8500) for Hendra virus PCR analysis 
at the Queensland Government Biosecurity Sciences Laboratory (BSL), and stored 
at minus 80oC prior to testing. Samples underwent total nucleic acid extraction in the 
BSL Physical Containment Level 3 (PC3) laboratory using the Kingfisher automated 
extraction system and the MagMax viral RNA Isolation Kit (AMB18365) according to 
manufacturer’s instructions.  RNA extracts (5 µL) were added to 20 µL reaction mix, 
and assayed in duplicate for Hendra virus RNA using a quantitative TaqMan RT-
PCR targeting the Hendra virus M gene (Smith et al. 2001) in an Applied Biosystems 
7500 Fast Real Time PCR System.   Results were analysed by AB7500 software 
version 2.0.6.  A mean cycle threshold value of < 40 was defined as a positive result.   
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Statistical analysis 
 
Generalised linear models were used to test the association between Hendra virus 
infection status and 18 hematologic, 22 biochemical and 8 urinary biomarkers. 
Hendra virus infection status was determined by the presence or absence of Hendra 
virus RNA in urine, serum and swab matrices.  The Hendra virus-positive cohort 
comprised animals that were RNA-positive in any sample type. The Hendra virus-
negative cohort comprised animals that were RNA-negative on all samples. Animals 
which had a negative urogenital or prepucial swab taken in the absence of a urine 
sample were excluded from the negative cohort to avoid potentially false negative 
individuals, as the diagnostic sensitivity of such swabs is less than that of urine 
(Edson et al. 2015b).   
 
Where values for hematologic or biochemical biomarkers were lower than the 
detectable limit of the assay, the recommended practice of assigning half of the 
detectable concentration for the comparative analyses was adopted (Wood et al. 
2011).  Data that proved to be positively skewed with heterogeneous variance were 
transformed using the natural log (ln).  Each hematologic, biochemical and urinary 
biomarker was firstly subjected to an unbalanced generalised linear model (GLM) 
(McCullagh and Nelder 1989) under the normal or log normal distribution as 
appropriate for continuous variables, and the binomial distribution and logit link for 
binary variables, using GenStat (2013).  The residual plots for most biomarkers 
proved to be approximately normal.  Adjusted means and standard errors were 
estimated for each biomarker (standardised for adult animals) for month + sex + 
sex.month + HeV positive animal.  
   
Biomarkers were then grouped into appropriate biological panels; erythrocytes, 
leukocytes, electrolytes, metabolites and enzymes, nutrition and urine (Table 1) and 
subjected to a principal component analysis (PCA) (Mardia et al. 1979) comparing 
Hendra virus status, gender, and season (Spring/Summer and Autumn/Winter). 
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Results 
 
Samples were collected from 446 individual P. alecto, however a full suite of 
samples was not collected from every animal.  Immature age-class animals were 
excluded from analysis because of the limited sample size (n = 67).  In total, 241 
whole blood samples, 234 plasma samples, and 251 urine samples from mature 
age-class (adult) animals were submitted for haematology analysis, biochemical 
analysis, and urinalysis respectively.   
 
Hendra virus RNA was detected in 30 animals, with 27 positive in urine and/or 
urogenital/prepucial swabs, two positive in serum only, and one positive in nasal 
swab only (See Edson et al. 2015b for further details).  Blood and urine from all 30 
Hendra virus-positive animals were submitted for hematologic, biochemical and urine 
analysis.  A total of 236 Hendra virus-negative animals (a maximum of 50 per 
sampling event) were submitted for hematologic, biochemical and urine analysis. 
 
All mean hematologic and biochemical biomarker values in both Hendra virus-
positive and negative cohorts were within the reference ranges for adult P. alecto 
presented in Chapter 2. Results from the Hendra virus GLM analysis are reported in 
Table 3.1. 
 
Hendra virus positivity was significantly associated with higher lymphocyte 
percentage, plasma alkaline phosphatase levels, urinary protein levels, and lower 
neutrophil percentage, and plasma triglyceride levels (Figure 3.1).  There were also 
non-significant trends towards higher mean lymphocyte counts, MCV, urinary pH, 
and lower mean platelet counts, and plasma potassium levels in Hendra virus-
positive animals. 
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Biomarker 
SI Unit 
HeV Positive HeV Negative P 
PCA Panel 
 
 
Mean (+SE) Mean (+SE)  
 
Haematology 
 
   
 
Haemoglobin 
g/L 
161.00 (2.77) 163.20 (0.73) 0.447 
Erythrocyte 
Red cell count 
x1012/L 
8.86 (0.16) 9.13 (0.04) 0.108 
Erythrocyte 
Haematocrit 
NA 
0.47 (0.01) 0.47 (0.00)  0.696 
Erythrocyte 
Mean corpuscular volume 
fL 
52.78 (0.65) 51.61 (0.17) 0.083 
Erythrocyte 
Mean corpuscular haemoglobin 
pg 
18.23 (0.20) 17.94 (0.05) 0.175 
Erythrocyte 
Mean corpuscular haemoglobin concentration 
g/L 
344.90 (1.58) 347.4 (0.42) 0.124 
Erythrocyte 
Platelets 
x109/L 
320.90 (23.93) 366.90 (6.35) 0.064 
 No panel 
Total leucocyte count 
x109/L 
6.65 (0.69) 6.46 (0.18) 0.797 
Leucocyte 
Neutrophil count 
x109/L 
3.49 (0.43) 3.94 (0.11) 0.310 
Leucocyte 
Lymphocyte count 
x109/L 
2.82 (0.40) 2.12 (0.11) 0.087 
Leucocyte 
Monocyte count 
x109/L 
0.13 (0.05) 0.19 (0.01) 0.352 
Leucocyte 
Eosinophil count 
x109/L 
0.21 (0.12) 0.22 (0.03) 0.885 
Leucocyte 
Basophil count 
x109/L 
0.00 (0.00) 0.00 (0.00) 0.756 
Leucocyte 
Neutrophil % 
NA 
53.78 (3.99) 62.49 (1.06) 0.035 
No panel 
Lymphocyte % 
NA 
40.81 (3.46) 31.84 (0.92) 0.013 
No panel 
Monocyte % 
NA 
2.02 (0.62) 2.74 (0.16) 0.257 
No panel 
Eosinophil % 
NA 
3.38 (1.13) 2.88 (0.30) 0.667 
No panel 
Basophil % 
NA 
0.01 (0.06) 0.04(0.02) 0.679 
No panel 
Biochemistry 
 
   
 
Sodium 
mmol/L 
137.90 (2.28) 140.5 (0.73) 0.279 
Electrolyte 
Chloride 
mmol/L 
103.80 (1.92) 106.8 (0.61) 0.140 
Electrolyte 
Potassium 
mmol/L 
3.77 (0.18) 4.10 (0.06) 0.083 
Electrolyte 
Phosphorous 
mmol/L 
1.50 (0.10) 1.45 (0.03) 0.599 
Electrolyte 
Calcium 
mmol/L 
2.44 (0.05) 2.44 (0.01) 0.988 
Electrolyte 
Bicarbonate 
mmol/L 
15.13 (0.50) 14.96 (0.16) 0.760 
Electrolyte 
Anion gap 
mmol/L 
22.79 (0.65) 22.79 (0.21) 0.998 
Electrolyte 
Urea 
mmol/L 
2.28 (0.31) 1.87 (0.10) 0.200 
Metabolite/Enzyme 
Creatinine 
µmol/L 
39.85 (4.46) 43.51 (1.43) 0.437 
Metabolite/Enzyme 
Bilirubin 
µmol/L 
1.23 (0.24) 1.27 (0.08) 0.863 
Metabolite/Enzyme 
Aspartate aminotransferase 
U/L 
57.46 (1.11) 65.76 (1.04) 0.238 
Metabolite/Enzyme 
Alanine aminotransferase 
U/L 
18.32 (1.10) 16.78 (1.03) 0.369 
Metabolite/Enzyme 
Gamma-glutamyl transferase 
U/L 
5.19 (1.10) 5.26 (1.03) 0.890 
Metabolite/Enzyme 
Alkaline phosphatase 
U/L 
522.20 (43.18) 431.00 (13.78) 0.046 
Metabolite/Enzyme 
Creatinine kinase 
U/L 
189.24 (1.24) 237.94 (1.07) 0.313 
Metabolite/Enzyme 
Total protein 
g/L 
66.44 (1.43) 66.16 (0.47) 0.854 
Nutrition 
Albumin 
g/L 
36.86 (0.83) 36.62 (0.27) 0.779 
Nutrition 
Globulin 
g/L 
29.49 (0.89) 29.49 (0.29) 0.998 
No panel 
Albumin:Globulin ratio 
NA 
1.29 (0.04) 1.28 (0.01) 0.814 
No panel 
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Glucose 
mmol/L 
6.62 (0.35) 6.95 (0.08) 0.351 
Nutrition 
Cholesterol 
mmol/L 
0.40 (0.05) 0.39 (0.02) 0.839 
Nutrition 
Triglycerides 
mmol/L 
0.15 (0.04) 0.25 (0.01) 0.022 
Nutrition 
Urinalysis 
 
   
 
Urine specific gravity 
NA 
1.017 (0.00) 1.017 (0.00) 0.950 
Urine 
Ketones 
mg/dL 
140.3 (20.55) 140.1 (4.94) 0.991 
Urine 
pH 
NA 
7.51 (0.24) 7.08 (0.06) 0.073 
Urine 
Protein 
mg/dL 
9.87 (1.44) 3.90 (1.09) 0.013 
Urine 
Glucose 
mg/dL 
4.17 (1.47) 3.25 (1.10) 0.524 
Urine 
Blood 
eryth/µL 
2.75 (1.39) 2.40 (1.08) 0.691 
Urine 
Nitrite 
mg/dL 
1.01 (1.02) 1.01 (1.01) 0.836 
Urine 
Leucocytes 
leuc/µL 
6.33 (1.41) 4.96 (1.08) 0.491 
Urine 
      
Table 3.1   Statistical analysis using Generalised Linear Model comparing mean 
hematologic, biochemical and urinalysis biomarker values for Hendra virus (HeV)-
positive and Hendra virus (HeV)-negative cohorts (significance level p < 0.05); and 
Principal Component Analysis biomarker panel assignment. 
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Figure 3.1   Statistically significant differences using a Generalised Linear Model, 
between Hendra virus (HeV)-positive and Hendra virus (HeV)-negative cohort mean 
hematologic, biochemical and urine biomarker values. 
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The principal component analysis demonstrated that the leucocyte panel for the 
Hendra virus-positive cohort demonstrated a subtle but consistent difference across 
gender and season compared to the Hendra virus-negative cohort with the exception 
of males in Winter (Figure 3.2).  However, the analysis demonstrated that the 
Hendra virus-positive cohort was indistinguishable from the Hendra virus-negative 
cohort for both gender and season for the majority of the panels.  Seasonal changes 
were demonstrated for all biomarker panels for females, while males demonstrated 
seasonal changes for the metabolite and enzyme biomarker panel only (Figure 3.3).   
 
 
Figure 3.2   Principal Component Analysis comparing the leucocyte biomarker panel, 
between Hendra virus-positive and Hendra virus-negative cohorts for gender and 
season. 
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Figure 3.3   Principal Components Analysis comparing erythrocyte, nutrition, 
metabolite/enzyme, electrolyte and urine biomarker panels between Hendra virus-
positive and Hendra virus-negative cohorts for gender and season. 
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Discussion  
 
This is the first reported study to examine the impact of Hendra virus infection on 
physiological biomarkers in flying-foxes.  The use of generalised linear models to 
analyse and adjust individual biomarker data for life cycle and seasonal variations, 
and principal component analysis to analyse biologically plausible biomarker panels 
comparing gender and season, provides a high level of confidence in the statistical 
robustness of the findings.  The key finding that all mean hematologic and 
biochemical values in both the Hendra virus-positive and the Hendra virus-negative 
cohorts were within the reference ranges established in Chapter 2, indicates that 
natural Hendra virus infection in P. alecto does not routinely cause overt disease.  
Nonetheless, statistically significant differences were found in a number of 
biomarkers when comparing the cohorts that warrant consideration.  The findings are 
discussed in the context of putative physiological and environmental risk factors for 
Hendra virus infection in P. alecto, mindful that statistical significance does not 
necessarily equate to biological significance. 
 
Haematology 
 
All mean leucocyte values were within the published reference range, indicating that 
current or recent Hendra virus infection (demonstrated by the detection of viral RNA) 
does not provoke a strong immune response in P. alecto, at least in terms of 
significant changes in leucocyte counts.  This finding is consistent with the 
accumulated epidemiological evidence that P. alecto is a key reservoir species for 
Hendra virus (Smith et al. 2014; Edson et al. 2015b; Goldspink et al. 2015; Field et 
al. 2015) and the broader recognition that viral infections of natural reservoir host 
species are commonly subclinical (Miller and Murray 2015). 
   
The absence of a ‘stress leucogram’ response (lymphopenia, eosinopenia, 
neutrophilia) in the Hendra virus-positive cohort argues against physiological stress 
as a determinant of Hendra virus infection in P. alecto.  The study in Chapter 2 
demonstrated an expected stress leukogram response in female P. alecto consistent 
with parturition, although it is unclear how readily this species would produce such a 
response to other acute physiological or chronic ecological stressors.  Further, the 
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absence of a decreased total leucocyte count suggests that immune suppression 
(Davis et al. 2008) is not a feature of Hendra virus infection in P. alecto.  Additionally, 
no evidence of an association between Hendra virus infection and haematological 
biomarkers indicative of bacterial or parasitic infection was found.  Elevated 
neutrophil or monocyte counts, reported in Chapter 2 to be indicative of bacterial 
infection in P. alecto, were absent, as were elevated eosinophil or basophil counts, 
reported by Weber et al. (2002) and Opara and Fagbemi (2008) to be associated 
with parasite loads in wildlife species. 
 
While the principal component analysis demonstrated a subtle difference between 
the leucocyte biomarker panel values between the Hendra virus-positive and 
negative cohorts, the generalised linear model demonstrated a significantly 
increased lymphocyte percentage and concomitant decrease in neutrophil 
percentage in the Hendra virus positive cohort. However, the latter findings should 
be interpreted with care in the absence of a statistically significant increase in 
lymphocyte numbers and the absence of leukocyte cellular morphological changes 
indicative of an inflammatory process.  Heard and Huft (1998) reported an effect of 
short-term physical restraint on lymphocyte and neutrophil numbers, but the random 
nature of post-capture sampling precludes this explanation, as any such effect would 
equally affect Hendra virus positive and Hendra virus negative animals. 
 
The study in Chapter 2 reported a statistically significant association between lower 
haemoglobin, haematocrit and total red cell counts, and decreasing body condition, 
and similar findings have reported in other wildlife species (Ruykys et al. 2012).  
Both the principal component analysis and generalised linear models demonstrated 
no significant association between erythrocyte biomarkers and Hendra virus infection 
status.  Thus, the lack of correlation between erythrocyte variables and Hendra virus 
status in this study suggests that the nutritional requirements for erythropoiesis are 
not being compromised. 
 
Plasma biochemistry 
 
The plasma biochemistry findings also do not support an association between 
Hendra virus status and nutritional status.  The study in Chapter 2 reported that 
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animals in poor body condition had lower plasma total protein, albumin and globulin 
levels than those in good body condition.  Similar findings have been reported in 
other Pteropus species (McLaughlin et al. 2007; Hossain et al. 2013) and plausibly 
suggest inadequate proteinaceous nutrition.  No association between Hendra virus 
status and plasma glucose, total protein or albumin was found.  In addition, Hendra 
virus positivity was not associated with elevated urea, creatinine, bilirubin or 
creatinine kinase, biomarkers that might indicate catabolism of muscle protein during 
a state of poor nutrition (Clarke et al. 2013).  Further, there was no significant 
correlation with the majority of individual enzymes that indicate metabolic dysfunction 
in a wide range of tissues, including the liver, heart, brain, skeletal muscle and 
erythrocytes.  Finally, the principal component analysis found no association 
between Hendra virus status and the nutritional and metabolic biomarker panels.  
The use of hematologic and biochemical data to assess nutritional status is an 
indirect measure of whether food reserves are meeting physiological requirements, 
however, this approach is a robust and practical alternative to complex field studies 
exploring seasonal foraging behaviour, dietary analysis and the energetic demands 
of Pteropus species. 
 
The statistically significant, but small magnitude decrease in plasma triglycerides 
associated with Hendra virus positivity warns against over-interpretation of the 
biological significance of the finding.  While, the study in Chapter 2 reported that 
animals experiencing physiological demand, such as mating and lactation, and those 
in poor body condition, had lower plasma triglyceride levels, the lack of corroborative 
support from other biomarkers used to assess long term planes of nutritional status 
(such as albumin and urea) does not support a nutritional affect (Srivastava and 
Krishna 2008).  It is possible that the association reflects the mobilisation and 
depletion of fatty acids due to ecological stressor of lower temperatures during the 
winter months, a time when Hendra virus is more prevalent in the study population 
(Field et al. 2015) but not temporally associated with mating or lactation. 
 
As with plasma triglycerides, although statistically significant, the modest magnitude 
of the increase in plasma alkaline phosphatase associated with Hendra virus 
positivity again argues against over-interpretation. There was no concomitant 
increase in levels of GGT, ALT or AST, effectively ruling out hepatic disease.  The 
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study in Chapter 2 reported a correlation between increased plasma alkaline 
phosphatase levels and juvenile and sub-adult P. alecto, but this study includes only 
adult animals.  Clinically, plasma alkaline phosphatase increase could reflect 
enzyme variability due to bone damage and repair in adult animals, or differing 
physiological states associated with increased levels of the enzyme, such as steroid 
induced isoenzyme.  The latter warrants further investigation. 
    
Urinalysis 
 
The principal component analysis of urinary biomarker panel found no statistical 
difference between the Hendra virus-positive and negative cohorts. However, the 
generalised linear models found a significant association between Hendra virus 
positivity and higher urinary protein levels, and a non-significant trend towards higher 
pH.  The magnitude of the differences is small and should again be interpreted with 
caution, however proteinuria has been reported in localised viral infection in the 
urinary tract (Kruger et al. 2011), and Goldspink et al. (2015) suggested kidney as a 
site of Hendra virus localisation.  While there is a recognised relationship between 
USG and protein (with higher protein expected in more concentrated urine samples), 
the difference in urine protein content between the Hendra virus-positive and 
negative cohorts was independent of any difference in USG.  Similarly, while very 
strongly acidic or alkaline urine can affect urine protein estimation when using 
reagent test strips, the modest difference in pH between the Hendra virus-positive 
and negative cohorts argues against any such effect here.    
 
  
101 
 
Conclusions 
 
This study sought to measure the impact of Hendra virus infection on relevant 
physiological biomarkers in the Black flying-fox (Pteropus alecto), employing a suite 
of physiological biomarkers routinely used in human and veterinary medicine to 
assess clinical health/disease status.  No evidence that Hendra virus infection 
causes clinical disease in P. alecto was found, supporting the contention that virus 
and host have a mature relationship consistent with P. alecto being a primary 
reservoir host.  Further, no association between Hendra virus positivity and 
biomarkers that were consistent with nutritional stress, extreme metabolic demand or 
reproductive stress were found.  The findings do not preclude such associations, but 
they demonstrate that such associations are not necessarily a feature of infection.   
Conversely, identified associations between several biomarkers and Hendra virus 
infection may partly elucidate the physiological relationships of Hendra virus infection 
dynamics, and provide insights for future epidemiological studies of Hendra virus and 
related viruses in Pteropus species.  While acknowledging the temporal and spatial 
limitations of the study, the findings highlight the need for critical evaluation of 
putative risk factors for Hendra virus infection in flying-foxes.  
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CHAPTER 4  
 
 
Measuring physiological stress in Australian 
flying-fox populations  
 
 
 
This chapter comprises material published in the article: 
 
McMichael L, D Edson and H Field.  2014.   
Measuring physiological stress in Australian flying-fox populations.   
EcoHealth 11:400-408. 
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Introduction 
 
Bats (Order Chiroptera) are the source of a number of emerging pathogenic viruses 
of animal and public health significance, including ebolaviruses, SARS-like 
coronaviruses, and henipaviruses (Halpin et al. 2000, Chua et al. 2000, Li et al. 
2005, Calisher et al. 2006, Pourrut et al. 2009, Ge et al. 2013). In Australia, fruit-bats 
of the genus Pteropus (commonly known as flying-foxes) have been identified as the 
natural host of Hendra virus, a novel and potentially fatal zoonotic virus responsible 
for mortality or morbidity in about 80 horses and seven humans since it was first 
described in 1994 (Murray et al. 1995, Halpin et al. 2000).  Understanding Hendra 
virus infection dynamics in flying-foxes and the contributing risk factors is 
fundamental to elaborating the disease ecology of the virus and thus effective 
exposure risk management in horses and humans.   
 
Previous studies have suggested that a range of physiological and ecological factors 
constitute risk factors for Hendra virus infection in flying-foxes (Field 2005, Plowright 
et al. 2008, Breed et al. 2011), including physiological stress associated with 
reproduction and sub-optimal nutritional (Plowright et al. 2008).  However, to 
rigorously investigate the putative association between stress and Hendra virus 
infection dynamics in flying-foxes, a robust method of measuring stress in free-living 
flying-foxes is needed.  
 
Glucocorticoid hormones (cortisol and corticosterone) are fundamental regulators of 
energy balance in mammalian species, and elevations in these hormones precipitate 
a stress response which modulates fertility, metabolic balance and immune function 
(Sapolsky et al. 2000; Reeder and Kramer 2005).  However, little work has been 
done on glucocorticoid dynamics in flying-foxes and there are currently few 
recognised approaches to measuring hormone levels and interpreting changes in 
terms of physiological stress.  Fundamentally, a non-stressful method of sampling is 
needed to validly measure physiological stress in free-living wildlife populations, to 
avoid measuring the stress response to the capture and sampling event itself 
(aReeder et al. 2004).   Studies of Pteropus species have found that cortisol is the 
primary glucocorticoid occurring in plasma (Widmaier and Kunz 1993, Widmaier et 
104 
 
al. 1994, bReeder et al. 2004), and that animals exhibit significant elevations in 
plasma glucocorticoid levels in response to restraint stress.   
 
Matrices of secretion of glucocorticoids, other than plasma, have been used to 
successfully measure cortisol levels non-invasively.  Bennett et al. (2008) used 
urinary corticosteroid excretion patterns in the okapi (Okapia johnstoni) to study 
circadian rhythms, Pearson et al. (2008) used saliva for the quantification of cortisol 
in socially housed baboons (Papio hamadryas hamadryas), Woodruff et al. (2010) 
used faecal corticosterone metabolite measurements to compare captive and free 
living tuco-tucos (Ctenomys sociabilis), and Hogan et al. (2012) used faecal cortisol 
metabolites as a non-invasive tool to assess stress in captive numbats 
(Myrmecobius fasciatus).  
 
The primary aim of this study was to develop and demonstrate a methodologically 
robust approach to determining and interpreting cortisol values in urine collected 
from wild, free-living flying-fox populations.  Secondary aims were to describe 
population-level urinary cortisol ranges in the four Australian mainland species, and 
to compare the urinary cortisol profiles between species. 
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Methods 
 
Animals, ethics and study sites 
 
Fieldwork was conducted under the (then) Department of Employment, Economic 
Development and Innovation Animal Ethics Committee Permit SA 2011/12/375, 
Queensland Environmental Protection Agency Scientific Purposes Permit 
WISP05810609, Queensland Department of Environment and Resource 
Management Scientific Purposes Permit WISP05810609, New South Wales Office of 
Environment and Heritage Animal Ethics Committee Permit 120206/02, and New 
South Wales Office of Environment and Heritage Scientific Licence SL 100537. 
 
The four mainland Australian flying-fox species were included in the study: Pteropus 
alecto, Black flying-fox, P.  poliocephalus, Grey-headed flying-fox, P. conspicillatus, 
Spectacled flying- fox, and P. scapulatus, Little red flying-fox. Samples were 
collected over a 15 month period in Queensland (QLD) and New South Wales 
(NSW) (Figure 4.1, Table 4.1).  Roost sites were identified using information from the 
Queensland Department of Environment and Heritage Protection (EHP) and the 
Queensland Centre for Emerging Infectious Diseases (QCEID).  Species cortisol 
ranges were determined from pooled urine samples collected under roosting flying-
foxes when only single species were present.   
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Figure 4.1   Flying-fox roost study sites for pooled urine collection and individual 
animal capture in Queensland and New South Wales, Australia. 
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Roost site  Region Species Sample type Sample Date 
     
Laidley South East 
Queensland 
P. alecto  
 
Individual animals November 
2012 
Gayndah South Queensland P. alecto Pooled urine April 2012  
Bundaberg South Queensland P. alecto Pooled urine March 2012 
Tannum Sands  Central 
Queensland 
P. alecto Pooled urine April – June 
2012 
Duaringa  Central 
Queensland 
P. scapulatus Pooled urine May – June 
2012 
Charters Towers
  
North Queensland P. alecto Pooled urine July 2012 
Ingham  North Queensland P. alecto Pooled urine June – 
November 
2012 
Cairns Far North 
Queensland 
P. conspicillatus Pooled urine May – 
November 
2012 
Yungaburra Far North 
Queensland 
P. conspicillatus Pooled urine November 
2011 – 
November 
2012 
Port Douglas  Far North 
Queensland 
P. conspicillatus Pooled urine September – 
October 2012 
Barcaldine 
   
Western 
Queensland 
P. scapulatus Pooled urine September 
2011 
Jericho  
  
Western 
Queensland 
P. scapulatus Pooled urine January 2012 
Mt Isa  
  
Western 
Queensland 
P. scapulatus Pooled urine October – 
November 
2012 
Sydney New South Wales P. poliocephalus Pooled urine March – July 
2012 
Blackbutt New South Wales P. poliocephalus Pooled urine June 2012 
Batemans Bay New South Wales P. poliocephalus Pooled urine June – July 
2012 
     
Table 4.1   Flying-fox roost study sites 
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Sample Collection and storage 
 
Two types of sample were collected – pooled urine samples and individual animal 
samples.  Collection of pooled urine samples, adapted from Field et al. (2011), 
began in the late afternoon, at the selected roost site.  Plastic sheeting (typically 
measuring 3.6 m x 2.6 m) was placed under trees in which flying-foxes were roosting 
(Figure 4.2, 4.3 and 4.4).  The following morning at sunrise, pooled urine samples 
were collected from each sheet and held on ice bricks.  The target sample size and 
volume was 30 x 1mL pooled samples, with typically three pooled samples from 
each of ten sheets.  Depending on roosting density, each sheet could hold urine from 
5 - 20 individuals, thus the 30 pooled samples comprised urine from 50 – 200 
individuals.   
 
 
Figure 4.2   Collection of pooled urines from underneath roosting flying-foxes in 
Gayndah, Queensland. 
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Figure 4.3   Urine sample collection from underneath roosting flying-foxes 
 
 
Figure 4.4   On site urine sample processing prior to shipment to laboratory 
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Individual P. alecto were captured at a roost in Laidley, Queensland. Bats were 
captured pre-dawn in mist nets (20 m wide x 4 m deep) hoist between two 12 m 
aluminium masts, as they returned to the roost.  Each bat was quickly removed from 
the net, and immediately anaesthetised (under veterinary supervision) using the 
inhalation agent Isoflurane and medical oxygen, as described by Jonsson et al. 
(2004).   
 
Within 3 minutes of capture, 1 mL of blood was collected from the marginal wing 
(cephalic) vein into a 1.3 mL Lithium Heparin blood tube (Sarstedt product number 
2269201), and a urine sample was sought by trans-abdominal palpation and gentle 
manual bladder expression.  Blood samples were stored on ice bricks for up to 3 
hours before being centrifuged for 10 minutes at 3, 000 rpm and the plasma yield 
collected.  Blood glucose was measured using an ACCU-CHEK PerformaTM 
glucometer (Roche Diagnostics GmbH).  Post-anaesthetic, each bat was monitored 
until conscious and placed into a pillowcase which was tied to a horizontal line 
(allowing natural inverted roosting posture) and allowed to hang quietly for 60 - 90 
minutes, after which blood and urine sample collections were repeated as above.   
 
Following the second collection, animals were again monitored until conscious, 
placed into a pillowcase and allowed to recover for at least 30 minutes before being 
released at the roost site.  All samples were stored immediately after collection on 
ice bricks or refrigerated at 5oC until shipment on ice bricks to the laboratory.  At the 
laboratory, samples were stored at minus 80oC until processing.    
 
Hormone Analysis and Statistics 
 
Cortisol concentration was measured using Caymen Chemical Company Cortisol 
Enzyme Immunoassay (EIA)TM, (Product number 500360), employing a synthetic 
cortisol-specific mouse monoclonal antibody (4-pregnen-11β,   17, 21-TRIOL-3, 20-
DIONE).  The assay is validated by the manufacturers for human urine and plasma, 
and mouse faeces, with a minimum detectable cortisol concentration of 0.2ng/ml.  
The specificity of the monoclonal antibody is described by the manufacturers, with 
100% reactivity with cortisol, and 4% or less cross reactivity with related hormones 
(prednisolone 4.0%, cortexolone 1.6%, 11-Deoxycorticosterone 0.23%, 17-
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Hydroxyprogesterone 0.23%, cortisol glucuronide 0.15%, corticosterone 0.14%, 
cortisone 0.13%, and < 0.1% for androstenedione, enterolactone, estrone, 17-
Hydroxypregnenolone, prednisolone and testosterone). 
 
Duplicate pooled urine samples were diluted 1:10 and duplicate plasma samples 
were diluted 1:10,000 in EIA kit buffer and assayed for cortisol according to 
manufacturer instructions.  Absorbances were read at 405 nm with a Thermo 
Scientific Multiscan Ascent plate reader using Ascent software (Version 2.6).  When 
measurements fell outside the range of 20 – 80% B/B0, samples were diluted and 
re-assayed to ensure the measurements fell within the linear range of the standard 
curve.    Cortisol concentration was determined by analysis of absorbance values 
using MyAssays Analysis Software Solutions Cortisol "Four Parameter Logistic 
Curve" online data analysis tool (MyAssays Ltd., 2012, 
http://www.myassays.com/four-parameter-logistic-curve.assay).   
 
Measurements were further statistically analysed after logarithmic transformation 
due to positive skew of pooled population data, using XLSTAT (Version 2008.6.08 
Copyright Addinsoft 1995-2008), and analytical validations using Genstat (Version 
14). 
 
Correction of cortisol measurements for urine concentration 
 
Urinary creatinine concentrations were measured using Caymen Chemical Company 
Creatinine (urinary) Assay Kit (Item Number 500701).  Urine specific gravity (USG) 
was measured using a hand held clinical refractometer.  Cortisol concentration was 
expressed as urinary ng cortisol /mg creatinine for a subset of pooled population 
urine samples for each species, and compared with a corrected urinary cortisol 
concentration derived from the USG of the same samples using the adapted formula 
of Miller et al. (2004): Corrected Cortisol Concentration (ng/ml) = Raw Cortisol 
Concentration (ng/ml) x (species USG -1) / (sample USG-1 ).    
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Analytical Validations 
 
Parallelism with the standard curve was demonstrated for all plasma and urine 
samples by regression analyses.   All sample curves had no significant difference to 
the standard curves (test of slopes, P>0.01, at 95% CI) (Table 4.2).   
 
Assay accuracy was determined by linear correlation between serially diluted cortisol 
assay standards in EIA buffer (4000 pg/mL to 6.5 pg/mL), and serially diluted cortisol 
assay standards in 1:10 urine or 1:10, 000 plasma, and expressed as linear 
correlation (R2 value) and per cent recovery efficiency is listed for each species and 
matrix (Table 4.2).   
 
Per cent binding of antibody versus cortisol assay standards (ln transformed doses 
of 4000 pg/mL to 6.5 pg/mL) was compared with serially diluted plasma (log 10 
transformed doses of 1:1000 to 1:50, 000) and presented as per cent recovery 
(Table 4.2).  One pooled plasma sample (n = 5) for black flying-foxes was employed.  
Only samples within the linear range of the standard curve of 20-80% antibody 
binding were included in the analysis.    
 
Intra-assay precision was determined to be 6.0%, on comparison of 100 randomly 
chosen duplicate urine and plasma samples across 10 assays.  Inter-assay precision 
was determined to be 4.2% on comparison of one cortisol assay standard falling 
between 20-80% antibody binding across 26 assays. 
 
 
Test Urine            Urine                       Urine                   Urine Plasma  
 P. alecto P. poliocephalus P. scapulatus P. conspicillatus P. alecto 
 
Test of slope(P) 
 
0.05 
 
0.02 
 
0.10 
 
0.24 
 
0.23 
Linearity (R2 ) 0.99 0.99 0.99 0.95 0.99 
Recovery (%) 102 86 79 98 110 
      
Table 4.2   Analytical Validations of the Cortisol EIA assay for Australian Pteropus 
species. 
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Results 
 
A total of 967 pooled urine samples from all four species were collected in 33 
sampling events across 16 identified roost sites. In addition, individual urine and 
blood samples were collected from 13 wild-caught P. alecto (Figure 4.1) (Table 4.1). 
 
Response to capture stress 
 
Paired blood samples for blood glucose analysis were obtained from 12 individuals, 
with one invalid glucose reading.   Valid cortisol measurements were obtained from 6 
paired plasma samples, and from a further five of the 60 - 90 minutes post-capture 
plasma samples. The corresponding 3-minute post-capture plasma samples from 
these latter five bats had cortisol levels below the lowest detectable dose of the 
cortisol assay.  These samples were attributed values half way between the lowest 
detectable dose and zero, and were included in the mean value analysis.    Two 
individual animals yielded urine samples at 3 minutes post capture, and 6 different 
individuals yielded urine at 60 - 90 minutes post-capture. 
 
Individual animal 3-minute post-capture plasma cortisol measurements ranged from 
21.1 ng/mL to 298.0 ng/mL, with a mean of 61.18.83 +/- 24.98 ng/mL, while the 60 -
90-minute post-capture measurements ranged from 474.2 ng/mL to 1630.1 ng/mL, 
with a mean of 1144.9 +/- 121.9 ng/mL (Figures 4.5 and 4.6).  This demonstrates a 
statistically significant approximately 10-fold increase in plasma cortisol (t-test, p = 
0.0001 at 95% CI).    
 
114 
 
 
Figure 4.5.  Plasma cortisol concentration, of P. alecto (n = 6) at 3 minute and 60 – 
90 minute bleed post capture 
 
 
Figure 4.6   Mean plasma cortisol concentration +/- standard error of mean (SEM), of 
P. alecto  at 3 minute and 60 – 90 minute bleed post capture 
 
Individual animal 3-minute post-capture urinary cortisol measurements ranged from 
0.2ng/mL to 1.2 ng/mL, with a mean of 0.7 +/- 0.5 ng/mL, while the 60 – 90-minute 
post-capture measurements ranged from 116.9 ng/mL to 474.5 ng/mL, with a mean 
of 333.4 +/- 49.1 ng/mL, demonstrating a statistically significant increase in urinary 
cortisol (Kruskal-Wallis test, p = 0.046 at 95% CI) (Figure 4.7).    
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Figure 4.7  Mean urinary cortisol concentration +/- SEM, of P. alecto  at 3 minute and 
60 – 90 minute collection post capture 
 
Individual animal 3-minute post-capture blood glucose measurements ranged from 
3.9 mmol/L to 10.1 mmol/L, with a mean of 7.0 +/- 0.5 mmol/L, while the 60  -90 
minute post-capture measurements ranged from 7.3 mmol/L to 13.7 mmol/L, with a 
mean of 9.8 +/- 0.6 mmol/L, demonstrating a statistically significant increase in blood 
glucose (t-test, p = 0.002 at 95% CI) (Figure 4.8). 
 
 
Figure 4.8   Mean blood glucose concentration +/- SEM, of P. alecto at 3 minute and 
60 – 90 minute bleed post capture 
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Correction of cortisol measurements for urine concentration using Urine 
Specific Gravity 
 
USG varied between samples within a single roost site collection, between different 
dates of collection at the same roost site, between different roost sites of the same 
species and between species (Table 4.3).  The mean USG was calculated from urine 
samples for each species and used in the cortisol measurement correction to adjust 
cortisol concentration measurements for varying physiological states across a single 
species.   
 
Correlation between cortisol concentration corrected for USG and creatinine 
concentration was established by determining linearity for P. poliocephalus (R2 = 
0.88, n = 36); for P. alecto/P. scapulatus (R2 = 0.89, n = 14); and for P. conspicillatus 
(R2 = 0.95, n = 20).  USG was determined for all urine samples, and cortisol 
concentrations corrected according to mean species USG. 
 
 P. alecto P. poliocephalus P. scapulatus P. conspicillatus 
     
n 310 206 185 266 
Range 1.001 - 1.034 1.001 - 1.034 1.004 - 1.040 1.002 - 1.038 
Species Mean (SD) 1.015 (0.007) 1.013 (0.006) 1.014 (0.007) 1.015 (0.009) 
     
Table 4.3   Urine specific gravity population ranges and species means for Australian 
Pteropus species 
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Cortisol measurements in pooled species population urine samples 
 
Population-level urinary cortisol ranges and geometric means are presented in Table 
4.4 and Figure 4.9. P. alecto, P. conspicillatus and P. poliocephalus showed similar 
ranges of cortisol measurements, while P. scapulatus showed a narrower range.  P. 
alecto and P. conspicillatus urinary cortisol geometric mean measurements are not 
significantly different from each other (ANOVA Tukey, p = 0.716 at 95% CI), 
however, P. poliocephalus showed significantly different and lower urinary cortisol 
geometric mean measurements than all other species, and P. scapulatus showed 
significantly higher urinary cortisol geometric mean measurements than all other 
species (ANOVA Tukey, p < 0.0001 at 95% CI).    
 
                                                                                  Cortisol ng/ml 
Species Min - Max  
 
Range Geo. Mean 95% CI 
 
P. alecto (n = 300) 
 
0.2 – 305.1 
 
304.9 
 
19.8 
 
6.5 – 60.2 
P. poliocephalus (n = 202) 0.3 – 311.3 311.0 9.9 2.6 – 38.2 
P. scapulatus (n = 185) 4.8 – 191.7  186.9 39.7 21.7 – 72.9 
P. conspicillatus (n = 259) 0.3 – 330.1 329.8 17.9 4.5 – 72.0 
     
Table 4.4   Pooled population urinary cortisol concentration ranges and geometric 
means for Australian Pteropus species 
 
Figure 4.9   Distribution of pooled population urinary sample cortisol concentrations 
of Australian Pteropus species 
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Discussion  
 
Studies of glucocorticoid hormone dynamics and physiological stress in free-living 
wildlife have been limited, with few studies in free-living flying-foxes.  This study 
presents a novel and methodologically robust approach for flying-foxes that includes 
collecting urine from beneath roosting bats, accurately measuring urinary cortisol, 
correcting measurements for urine concentration, and confidently interpreting 
elevated levels as indicating physiological stress.  Urine samples were consistently 
collected at dawn, expected to be at the low point of glucocorticoid production in the 
diurnal phase of the circadian rhythm of flying-foxes, as shown by Widmaier and 
Kunz, (1993).   
 
The significant increase in plasma cortisol levels that were detected 60-90 minutes 
post-capture indicates a typical capture stress response, and establishes that the 
assay is effectively measuring cortisol.  The elevated values that were detected are 
similar to those reported by Reeder et al. (2006) in the Malayan flying-fox (Pteropus 
vampyrus).  Blood glucose also increased showing the typical physiological 
gluconeogenesis response to stress.  Urinary cortisol increase was also detectable 
60-90 minutes post-capture, thus validating the assay’s ability to detect a 
physiological response to stress in both plasma and urine. 
 
Urine specific gravity (USG) of the pooled urine samples varied substantially with 
season and roost site, as well as between individuals and species.  This variation is 
not unexpected, and is likely due to physiological differences between individuals, 
species and times of urine collection, the latter plausibly reflecting available food and 
water resources at that time.  In addition, the pooled nature of the samples means 
that each sample potentially contains urine from multiple bats of various 
physiological and nutritional status.   
 
However, for valid comparison and interpretation, it is essential to ensure that 
hormone concentrations are corrected for concentration of urine.  This has typically 
been done by correcting measured cortisol concentration based on urinary creatinine 
concentration, which is constant in urine.  Miller et al (2004) used USG to measure 
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urine concentration and found it as reliable as creatinine in human populations.  Both 
approaches were trialled and little difference was demonstrated between the two 
methods.  Further, no effect was found on linear correlation between cortisol 
concentration corrected using USG or creatinine concentration when compared with 
samples of high to low and negative ketone levels (determined by urine dipstick in 
population pooled urine samples).  Thus, the USG method was chosen to correct 
urinary cortisol measurements, because it was a simpler, faster and more cost 
efficient method. 
 
The inclusion in the study of all four species of flying-foxes on mainland Australia 
allowed a comparison of the measured urinary cortisol range and geometric mean 
for each species.  P. alecto, P. conspicillatus and P. poliocephalus showed similar 
range, with P. alecto and P. conspicillatus having very similar geometric mean 
values and P. poliocephalus having a comparatively lower geometric mean value.  P. 
scapulatus showed a narrower urinary cortisol range than the other species, but 
higher geometric mean values.   
 
These statistics provide an insight into urinary cortisol variability between species, as 
well as within species, and fill a significant knowledge gap, both for ecological 
studies and for captive population health management. However, they should be 
regarded as indicative of, rather than defining, actual population parameters, given  
they are derived from the urine of individuals of unknown physiological 
characteristics.  
 
Analytical validations of the cortisol EIA demonstrated parallelism and  high levels of 
accuracy,  shown by the linearity between dilutions of cortisol standards in buffer 
compared with dilutions of the standards in the urine and plasma matrix, and 
acceptable recovery of cortisol standards from urine and plasma matrix.  As these 
validations demonstrated no interfering effect of the plasma or urine matrix on the 
assay at the dilutions employed in this study, it was not necessary to purify either 
urine or plasma samples for assay in order to perform the physiological validation.   
ACTH challenge and dexamethasone suppression tests were contemplated, 
because they are useful in demonstrating a cortisol response, and provide further 
physiological validation that the assay does indeed measure a cortisol response.  
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However, these tests would have required injection into the pectoral (flight) muscles 
and holding the animals for longer periods of time, both of which were deemed 
unacceptable in free-living wild flying-foxes on ethical and welfare grounds.   
 
Finally, the manufacturers of the EIA report potential cross-reactivity up to 4% with 
other steroid hormones, suggesting that it might be appropriate to assess the cortisol 
specificity of the assay in flying-foxes.  However, when the synthetic glucocorticoid 
prednisolone is excluded (free-living wild flying-foxes have no opportunity for  
exposure to prednisolone), reported potential cross-reactivity drops to a maximum 
1.6%.  This, in addition to the physiological validation in flying-foxes (which showed 
the assay was detecting a stress response), argued against the need to further 
elaborate specificity in flying-foxes. 
 
The genesis of this study was the need to quantitatively measure stress in flying-fox 
populations to underpin investigation of a putative association between 
environmental stress and Hendra virus infection dynamics. The approach has equal 
application to other species and scenarios where the aim is to directly assess the 
impact of stress on a population-level outcome variable. Qualitative assessments of 
the latter are often confounded by anthropogenic interpretations of ‘stress’. 
Statistically correlated associations are less compromised, but are nonetheless 
indirect assessments.  
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Conclusions 
 
This study has developed and demonstrated a robust approach to the measurement 
and interpretation of pooled population urinary cortisol values in wild, free-living 
flying-fox populations.  In the process, the study has demonstrated a typical post-
capture stress response in wild flying-foxes, established population-level urinary 
cortisol ranges for the four Australian mainland species, and established urine 
specific gravity as an attractive alternative to creatinine to correct urine 
concentration. The approach has direct application as a research or clinical tool for 
flying-fox populations, but equally importantly, has broader application to other free-
living colonial wildlife species.    
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CHAPTER 5  
 
 
Hendra virus and physiological stress in flying-
foxes (Pteropus spp.)   
 
 
 
This chapter comprises material submitted for publication in the 
article: 
 
McMichael L, Edson D, Smith I, Smith C, Mayer D, Kopp S, Meers J, Field H.   
Physiological stress and Hendra virus in wild Australian flying-foxes.   
PLoS ONE.  
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Introduction 
 
Bats of the genus Pteropus (Chiroptera), commonly known as flying-foxes, have 
been identified as the natural host of Hendra virus, a potentially fatal zoonotic 
paramyxovirus that causes mortality or morbidity in horses and humans in Australia 
(Murray et al. 1995, Halpin et al. 2000).  Of the four Pteropus species endemic to 
mainland Australia, there is accumulating evidence that the Black flying-fox 
(Pteropus alecto), and the paraphyletic Spectacled flying-fox (P. conspicillatus) 
(Almeida et al. 2014), are primary reservoir hosts of Hendra virus (Smith et al. 2014; 
Edson et al. 2015b; Goldspink et al. 2015; Field et al. 2015).  
 
Previous studies of Pteropus species have suggested that physiological and 
ecological factors may constitute risk factors for Hendra virus infection (Field 2005, 
Plowright et al. 2008, Breed et al. 2011, Plowright et al. 2015).  “Physiological stress” 
is often poorly defined and loosely interpreted, presenting challenges for its robust 
measurement and comparative assessment, there are several well documented 
approaches to its assessment in the mammalian system, including assessment of 
endocrine and immune system function, oxidative stress and cellular senescence 
(Sapolsky et al. 2000; Bartolomucci et al. 2003; Sies et al. 2005; Busch and Hayward 
2009; Beery et al. 2012).   
 
Assessment of glucocorticoid hormones is a recognised and robust methodology for 
investigating the putative association between physiological stress, infection and 
disease in wildlife species (Hing et al 2016). Glucocorticoid hormones are 
fundamental regulators of energy balance in mammalian species, and elevations in 
these hormones precipitate a stress response which modulates fertility, metabolic 
balance and immune function (Sapolsky et al. 2000).  However, while the release of 
adrenal glucocorticoids can be crucial to an animal’s survival when an acute stressor 
is present, chronically elevated or exceptionally high levels of glucocorticoids are 
usually detrimental to health (Lewanzik et al 2012).   
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Plasma glucocorticoid measurement has been employed in numerous chiropteran 
studies (Krishna et al. 1998, Reeder et al. 2004, Srivastava and Krishna, 2008, 
Lewanzik et al. 2012), and cortisol is recognised to be the primary plasma 
glucocorticoid in Pteropus species (Widmaier and Kunz 1993, Reeder et al. 2006).  
In the previous chapter, it was demonstrated that the under-roost collection of urine 
and the serological assay of pooled urine samples for cortisol is a robust tool for the 
assessment of stress in wild Australian flying-foxes, correlating elevated plasma and 
urinary cortisol concentrations in response to physiological stress, and established 
urinary cortisol profiles for the four species occurring on mainland Australia.  In a 
subsequent study, Edson et al. (2015a) reported that anthropogenic disturbance of 
flying-fox roosts did not result in urinary cortisol fluctuations that were significantly 
different from background levels, nor did it precipitate any detectable increase in 
Hendra virus excretion prevalence.  The study did however find a small positive 
association between Hendra virus excretion status and urinary cortisol concentration.  
 
Understanding Hendra virus infection dynamics in flying-foxes and the contributing 
risk factors is fundamental to elaborating the disease ecology of the virus and to 
providing effective exposure risk management in horses and humans.  This study 
sought to examine temporal trends in urinary cortisol concentration in two disparate 
wild Australian flying-fox populations, and to elucidate the putative relationship 
between Hendra virus infection and physiological stress. 
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Methods 
 
Animals, study sites and ethics  
 
Roost sites were identified using information from the Queensland Department of 
Environment and Heritage Protection (EHP) and the (then) Queensland Centre for 
Emerging Infectious Diseases (QCEID).  Fieldwork was conducted under the 
Queensland Department of Agriculture, Fisheries and Forestry Animal Ethics 
Committee Permit SA 2011/12/375, and Department of Environment, Heritage and 
Protection Scientific Purposes Permits WISP05810609 and WISP14100614. 
 
Urine samples were collected from beneath roosting flying-foxes at two roosts in 
each of two disparate regions in the eastern Australian state of Queensland between 
January 2012 and May 2014: in Southeast Queensland (SEQ) (latitude -27o), at 
roosts in the rural locations of Boonah and Toowoomba; and in Far North 
Queensland (FNQ) (latitude -17 o) at roosts in the rural location of Yungaburra and 
the urban location of Cairns (Figure 5.1).  As flying-foxes are highly mobile animals, 
samples from either roost within the SEQ and FNQ regions can reasonably be 
considered to be representative of a single regional population.   
 
Total population and species composition counts were estimated by conducting 
counts of roosting individual animals throughout the roost site, specifically, by 
counting the number of animals per tree multiplied by number of trees throughout the 
roost.  Total population was additionally estimated during nightly fly-out, based on 
fly-out density and time of complete evacuation of the roost site.  Reproductive 
behaviour throughout the roost was observed and recorded during each sampling 
event, including male/female interactions and vocalisations, and the number of 
females with visually obvious pregnancies and dependent pups. 
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Figure 5.1   Queensland map of roost sites 
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Sample and data collection 
 
Both pooled and individual urine samples were collected from the SEQ Boonah 
roost; pooled samples only were collected from the FNQ Cairns and Yungaburra 
roosts; and individual samples only were collected from the SEQ Toowoomba roost. 
Pooled urine collections were undertaken as a shared component of related studies 
reported elsewhere (Edson et al 2015b, Field et al 2015).     
 
A total of 2208 pooled samples were collected; 1112 from the Boonah roost during 
30 sampling events from January 2012 to May 2014; 826 from the Cairns roost 
during 21 sampling events from May 2012 to June 2014; and 270 from the 
Yungaburra roost during eight sampling events from February 2012 to April 2013.  A 
total of 464 individual samples were collected at the SEQ Toowoomba and Boonah 
roosts during nine sampling events from April 2013 to May 2014.   
 
Collection of pooled urine samples was performed as per the collection methodology 
outlined in Chapter 4, using plastic sheeting placed under trees in which flying-foxes 
were roosting.  The target sample size and volume was 30-60 x 1mL samples 
collected from ten sheets spaced opportunistically throughout accessible roost.   
Sheets were placed either the morning of collection prior to animals returning to 
roost, or the previous evening after animals had left the roost.  Pooled samples 
comprised droplets of urine methodically collected from discrete sections of each 
sheet to minimise the likelihood of an individual animal contributing to multiple pools.  
Samples were collected in the hour post-dawn, and immediately placed on ice in the 
field and for transport to the Biosecurity Sciences Laboratory (BSL) in Brisbane, 
where they were stored at -80oC until testing.     
 
The pooled samples from all ten sheets contained urine from an estimated 50 – 200 
individuals, depending on flying-fox roosting density.  Pooled samples were used to 
provide summary roost population estimates of urinary cortisol concentration over 
space and time.  For this study the characteristics of individuals contributing to the 
pool were not considered.  
 
 
128 
 
Collection of individual animal under-roost urine samples was performed using 
transects of plastic sheeting (measuring 1 m x 40 m) placed parallel to one another 
approximately 5 m apart, through accessible areas of the roost (Figure 5.2).  The 
number of transects varied with roost size and accessibility, with 4 to 5 x 40 m 
transects at Boonah, and 10 x 5 m transects at the smaller Toowoomba roost.  
Individual animal urine target sample volume was 50 – 200 µl.  The number of 
samples collected at a single sampling event ranged from 46 to 109.   
 
Individual animal urination events were identified by spatial separation of at least one 
meter between urine splatter patterns (Figure 5.3).  This criterion was based on 
simulated urine splatter patterns, wherein 10 ml volumes of coloured water were 
expressed from a syringe from a 5 m height onto plastic sheeting, producing an 
average splatter size of 0.5 m x 0.5 m.  The urine sample was taken from one droplet 
or 2-3 closely associated droplets from an individual urination event.  Samples were 
not collected when roosting density was so high as too preclude confident 
identification of an individual urination event.  This occurred on a limited number of 
occasions associated with large influxes of Little red flying-foxes, and only in 
sections of the roost.  Samples were collected in the hour post-dawn, and 
transported and stored as for pooled samples.   
 
The climatic variables of minimum and maximum daily temperature and daily rainfall 
for the SEQ and FNQ roosts from January 2012 to June 2014 were collated from the 
Australian Bureau of Meteorology (BOM 2015).  To avoid confounding, the months of 
February and March associated with peak mating activity and natural elevations in 
urinary cortisol (Churchill 2008, Ostner et al. 2008, Klose 2009) were excluded from 
analysis. 
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Figure 5.2   Individual urine collection transects 
 
 
Figure 5.3   Individual urination event  
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Hendra virus detection 
 
PCR-based Hendra virus detection was undertaken on the individual animal under-
roost urine samples.  Immediately post-collection, 50 µl of each urine sample was 
added to a corresponding 130 µL of Magmax lysis buffer (AM 8500) to stabilise RNA 
for extraction and Hendra virus PCR analysis.  The remainder of the sample was 
maintained for hormone analysis. Samples for PCR analysis underwent total nucleic 
acid extraction in the BSL Physical Containment Level 3 (PC3) laboratory using the 
Kingfisher automated extraction system and the MagMax viral RNA Isolation Kit 
(Catalogue number AMB18365) according to manufacturer’s instructions.   
 
RNA extracts (5 µL) were added to 20 µL reaction mix and assayed in duplicate for 
Hendra virus genome using a quantitative TaqMan RT-PCR targeting the Hendra 
virus M gene [26], using the Applied Biosystems 7500 Fast Real Time PCR System.   
Results were analysed by AB7500 software version 2.0.6.  A mean cycle threshold 
value of < 40 was defined as a positive result.  Hendra virus detection on the pooled 
under-roost samples was undertaken as a component of a related study (Edson et 
al. 2015a, Field et al. 2015) using the same technique.   
 
Sex and Species determination 
 
A novel PCR approach using total nucleic acid extraction from the Hendra virus 
assay was used to establish the species and sex of the individual animal samples.  
The cytochrome B gene was targeted for species differentiation, and the SRY gene 
of the Y chromosome for sex differentiation.  Extracted nucleic acid underwent a 
quantitative TaqMan RT-PCR using the TaqMan Universal Master Mix II, no UNG 
(product number 4440040).  Primers were supplied by Sigma Aldrich, Australia, and 
used at 10 pmol/L and probes supplied by Applied Biosystems Custom Oligo 
Synthesis Service, USA, and used at 10 pmol/L.   
 
Species differentiation primer and probe sequences are as follows:  P. alecto/P. 
conspicillatus forward primer BSFFCytBF (CAT GCT AAC GGA GCA TCC AT), 
reverse primer BSFFCytBR (ACA CCT ACG TTT CAG GTT TCT TTG) and probe 
BSFFCytB-FAMMGB (FAM-ACA TGT AGG CCG AGG C-MGB); P. poliocephalus 
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forward primer GHFFCytBF (CAT CTG CCT ATT CCT GCA TGT G), reverse primer 
GHFFCytBR (GCA AAT AGA AGG ATG ACA CCT ACG T) and probe GHFFCytB-
VICMGB (VIC-ATC TTA CAT CTA TAA AGA GAC CTG A-MGB); P. scapulatus 
forward primer LRFFCytB (GGA GCG TCC ATA TTC TTT ATC TG), reverse primer 
LRFFCytBR (TTA CGG CAA ATA GGA GGA TAA CG) and probe LRFFCytB-
NEDMGB (NED-ACA CGT AGG CCG AGG C-MGB).   
 
Sex differentiation primer and probe sequences are as follows:  forward primer SRY-
F (GCA AGG CGG CTC TAG AAA ATC), reverse primer SRY-R (TCC CAG TCG 
CTT GCT GAT C) and probe SRY-NEDMGB (NED-CAA AAT GCA AAA CTC GG-
MGB). 
 
The thermal cycling sequence was 50oC for 2 minutes, 95oC for 10 minutes, followed 
by 50 cycles of 95oC for 15 seconds, and 60oC for 60 seconds.  Assay validation was 
performed on urine samples of known sex and species from captured individual 
animals and demonstrated 100% accuracy of detection for all species and both 
sexes.  Species and sex determination was not undertaken on pooled urine samples. 
 
Cortisol concentration  
 
Urinary cortisol concentration was measured using Caymen Chemical Company 
Cortisol Enzyme Immunoassay (EIA), (Product number 500360), employing a 
synthetic cortisol-specific mouse monoclonal antibody (4-pregnen-11β,   17, 21-
TRIOL-3, 20-DIONE).  The assay is validated by the manufacturers for human urine 
and plasma, and mouse faeces, with minimum detectable cortisol concentration of 
0.2ng/ml.   
 
Chapter 4 reports the validated methodology in Australian flying-foxes, and showed it 
to provide a robust assessment of stress in these species, and was subsequently 
used in this study.  Briefly, duplicate pooled urine samples were diluted 1:10 in EIA 
kit buffer and assayed for cortisol according to manufacturer instructions.  
Absorbances were read at 405 nm with a Thermo Scientific Multiscan Ascent plate 
reader using Ascent software (Version 2.6).  When measurements fell outside the 
range of 20 – 80% B/B0, samples were diluted and re-assayed to ensure the 
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measurements fell within the linear range of the standard curve. Cortisol 
concentration was determined by analysis of absorbance values using MyAssays 
Analysis Software Solutions Cortisol "Four Parameter Logistic Curve" online data 
analysis tool (MyAssays Ltd., 2012, http://www.myassays.com/four-parameter-
logistic-curve.assay). 
 
Statistical analyses  
 
The pooled urinary cortisol data, and the individual urinary cortisol and Hendra virus 
data were subjected to separate unbalanced generalised linear mixed model 
(GLMM) analyses (McCullagh and Nelder 1989) using GenStat (Genstat 2015). The 
normal or log normal distribution was adopted as appropriate for continuous 
variables, and the binomial distribution and logit link for binary variables.  Cortisol 
data proved to be positively skewed with heterogeneous variance were transformed 
using the natural log (ln) prior to analysis. The residual plots proved to be 
approximately normal.    
 
In the pooled urinary cortisol data analysis, the response variable was urinary 
cortisol concentration. The fixed effects were year, month, region, total population, 
species composition, minimum temperature on the day of sampling, maximum 
temperature and daily rainfall on the day prior to sampling.  Interaction terms were 
limited to three-way interactions for model parsimony. Sampling day was the 
additional random effect.   Additional linear and nonlinear regression analyses of the 
effects of the environmental variables of minimum and maximum temperature and 
rainfall on urinary cortisol measurements were performed.   
 
In the individual data analysis, the response variables were either urinary cortisol 
concentration or Hendra virus detection.  The fixed effects were month, sex, 
reproductive activity and their (three-way) interactions. Sampling day was the 
additional random effect.   
 
Data were plotted and trends estimated by sampling day, and then were grouped 
into monthly data for temporal regression analysis.  For the cortisol results, the direct 
back-transformation from the natural log was adopted for presentation, giving 
133 
 
geometric means.  Annual patterns for the variables were initially investigated with 
symmetrical Fourier curves, however Gaussian or Double-Gaussian curves were 
subsequently adopted, as these allow a more general shape plus a direct test of the 
significance of any second annual peak. 
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Results 
 
Roost site observations 
 
Sampled roosts variously contained all four flying-fox species occurring on mainland 
Australia, namely P. alecto (the Black flying-fox), P. poliocephalus (the Grey-headed 
flying-fox), P. conspicillatus (the Spectacled flying-fox), and P. scapulatus (the Little 
red flying-fox).   
 
In SEQ, the Boonah roost consisted primarily of P. alecto and P. poliocephalus in 
varying ratios, but total population of these species never exceeded an estimated 
20,000 individuals.  Large numbers of P. scapulatus (up to 100,000 individuals) were 
periodically present at the roost site.  The Toowoomba roost was consistently 
smaller than the Boonah roost and consisted primarily of P. alecto and P. 
poliocephalus in varying ratios with total population ranging from 1,000 to 2,000 with 
an influx of approximately 500 P. scapulatus in March 2013 (Figure 5.4). 
 
In FNQ, the Yungaburra roost consisted primarily of P. conspicillatus with total 
population ranging from 4,000 to 30,000, with an influx of approximately 20,000 P. 
scapulatus in February and March 2013.  The Cairns roost was consistently smaller 
than Yungaburra, and consisted primarily of P. conspicillatus with total population 
ranging from 800 to 11,000, with an influx of approximately 10,000 P. scapulatus in 
December 2012 and January 2013, approximately 3,000 P. scapulatus in October 
2013, and approximately 100 P. alecto in March 2014 (data from:  Field et al. 2015) 
(Figure 5.4). 
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Figure 5.4   Flying-fox roost site total population and species composition  
(2012 – 2014) 
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At the SEQ roosts, peak mating activity of P. alecto and P. poliocephalus was 
observed in March each year.  As reported in Chapter 2, at the Boonah roost, 95% 
adult females were palpably pregnant from June onwards in both 2013 and 2014, 
and visibly pregnant from August to October.  First pups were observed in 
September, dependent pups observed from September to April, and independent 
juveniles first observed in April.  At the FNQ roosts, mating of P. conspicillatus was 
observed in February and March each year.  Females were palpably pregnant in 
June as reported in Chapter 2, and first pups were observed in September. 
 
Temperatures in SEQ ranged from -4oC to 44.6oC over the study period, with the 
highest mean monthly temperatures recorded annually in December and January, 
and the lowest mean monthly temperatures recorded in July and August.   
Temperatures in FNQ ranged from 9.8oC to 34.9oC over the study period, with the 
highest mean monthly temperatures recorded annually in December, January and 
February, and the lowest mean monthly temperatures in July and August.   
 
Daily rainfall in SEQ ranged from 0 mm to 255 mm over the study period, with the 
highest mean monthly rainfalls recorded annually in December and January, and the 
lowest mean monthly rainfalls in July to September.  Daily rainfall in FNQ ranged 
from 0 mm to 241 mm over the study period, with the highest mean monthly rainfalls 
recorded annually between January and March and the lowest mean monthly 
rainfalls in August.    
 
Pooled urine samples   
 
Pooled animal urine samples were collected from the SEQ Boonah roost and both 
FNQ roosts (Cairns and Yungaburra) as presented in Table 5.1.   
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Sample Type Region Location Date Pteropus Species Number 
Pooled SEQ Boonah 12/01/2012 P. alecto,  
P. poliocephalus 
29 
Pooled SEQ Boonah 02/02/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 09/03/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 13/04/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 04/05/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 17/05/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 15/06/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 04/07/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 08/08/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 11/09/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 10/10/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 13/11/2012 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 14/12/2012 P. alecto,  
P. poliocephalus 
60 
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Pooled SEQ Boonah 03/01/2013 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 07/02/2013 P. alecto,  
P. poliocephalus, 
P. scapulatus 
30 
Pooled SEQ Boonah 12/03/2013 P. alecto,  
P. poliocephalus, 
P. scapulatus 
30 
Pooled SEQ Boonah 02/05/2013 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 05/06/2013 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 10/07/2013 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 07/08/2013 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 04/09/2013 P. alecto,  
P. poliocephalus 
30 
Pooled SEQ Boonah 26/09/2013 P. alecto,  
P. poliocephalus 
31 
Pooled SEQ Boonah 22/10/2013 P. alecto,  
P. poliocephalus, 
P. scapulatus 
60 
Pooled SEQ Boonah 03/12/2013 P. alecto,  
P. poliocephalus, 
P. scapulatus 
59 
Pooled SEQ Boonah 15/01/2014 P. alecto,  
P. poliocephalus 
25 
Pooled SEQ Boonah 17/01/2014 P. alecto,  60 
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P. poliocephalus 
Pooled SEQ Boonah 11/02/2014 P. alecto,  
P. poliocephalus, 
P. scapulatus 
60 
Pooled SEQ Boonah 11/03/2014 P. alecto,  
P. poliocephalus 
56 
Pooled SEQ Boonah 30/04/2014 P. alecto,  
P. poliocephalus 
49 
Pooled SEQ Boonah 30/05/2014 P. alecto,  
P. poliocephalus 
60 
Pooled FNQ Cairns 10/05/2012 P. conspicillatus 30 
Pooled FNQ Cairns 11/07/2012 P. conspicillatus 30 
Pooled FNQ Cairns 01/08/2012 P. conspicillatus 60 
Pooled FNQ Cairns 05/09/2012 P. conspicillatus 30 
Pooled FNQ Cairns 04/10/2012 P. conspicillatus 30 
Pooled FNQ Cairns 08/11/2012 P. conspicillatus 30 
Pooled FNQ Cairns 06/12/2012 P. conspicillatus, 
P. scapulatus 
30 
Pooled FNQ Cairns 10/01/2013 P. conspicillatus, 
P. scapulatus 
30 
Pooled FNQ Cairns 14/02/2013 P. conspicillatus 30 
Pooled FNQ Cairns 19/03/2013 P. conspicillatus 30 
Pooled FNQ Cairns 16/04/2013 P. conspicillatus 30 
Pooled FNQ Cairns 07/05/2013 P. conspicillatus 30 
Pooled FNQ Cairns 04/06/2013 P. conspicillatus 24 
Pooled FNQ Cairns 13/08/2013 P. conspicillatus 30 
Pooled FNQ Cairns 12/09/2013 P. conspicillatus 40 
Pooled FNQ Cairns 12/10/2013 P. conspicillatus, 
P. scapulatus 
60 
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Pooled FNQ Cairns 05/12/2013 P. conspicillatus 60 
Pooled FNQ Cairns 27/02/2014 P. conspicillatus 60 
Pooled FNQ Cairns 18/03/2014 P. conspicillatus, 
P. alecto 
60 
Pooled FNQ Cairns 29/04/2014 P. conspicillatus 58 
Pooled FNQ Cairns 25/06/2014 P. conspicillatus 44 
Pooled FNQ Yungaburra 03/04/2012 P. conspicillatus 30 
Pooled FNQ Yungaburra 09/05/2012 P. conspicillatus 30 
Pooled FNQ Yungaburra 07/11/2012 P. conspicillatus 30 
Pooled FNQ Yungaburra 05/12/2012 P. conspicillatus 30 
Pooled FNQ Yungaburra 09/01/2013 P. conspicillatus, 
P. scapulatus 
30 
Pooled FNQ Yungaburra 13/02/2013 P. conspicillatus, 
P. scapulatus 
60 
Pooled FNQ Yungaburra 20/03/2013 P. conspicillatus 30 
Pooled FNQ Yungaburra 17/04/2013 P. conspicillatus 30 
Table 5.1   Pooled animal urine samples collected from the SEQ Boonah roost and 
both FNQ roosts (Cairns and Yungaburra) 
 
Significantly different urinary cortisol patterns were evident by GLMM analysis 
between the SEQ and FNQ regions (p < 0.001), and between months within both 
regions (p < 0.001).  In SEQ, the overall annual pattern of urinary cortisol 
concentration showed two significant annual peaks, the first at day 68.7 + 22.7 (late 
February/March, being late Summer/early Autumn in the southern hemisphere), and 
the second peak at day 193.8 + 24.0 (July, being Winter in the southern hemisphere) 
(Figure 5.5).  In FNQ, the overall annual pattern of urinary cortisol concentration 
showed only one significant annual peak, at day 40.1 + 14.7 days (February, being 
late summer in the southern hemisphere) (Figure 5.6).   
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Figure 5.5   Overall annual effects of cortisol (SEQ) 
 
 
 
Figure 5.6   Overall annual effects of cortisol (FNQ) 
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There was a strong inverse correlation between urinary cortisol concentration and 
minimum temperature on the day of sample collection (R2 = 0.83; p < 0.001), with 
the former increasing exponentially as temperature decreased (Figure 5.7). There 
was no significant association between urinary cortisol concentration and rainfall in 
the 24 hrs prior to sample collection (p = 0.45).  The relationship with both climatic 
variables was independent of region, total population size or species composition. 
While total population size and species composition varied within and between 
regions over time, neither had a significant effect on cortisol concentration (p = 0.54 
and p = 0.51 respectively).  
 
 
Figure 5.7   Effect of minimum temperature on day of sampling on urinary cortisol 
 
Adjusted mean urinary cortisol concentration in Hendra virus RNA positive pooled 
urine samples was significantly higher than in Hendra virus RNA-negative samples 
(15.66 + 1.15 ng/mL and 12.00 + 1.11 ng/mL respectively; p = 0.006).   
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Individual animal urine samples   
 
Individual animal samples were collected from SEQ Boonah and Toowoomba roosts 
as presented in Table 5.2.  
 
Sample 
Type 
Region Location Date Pteropus 
Species 
Number 
Individual SEQ Toowoomba 29/03/2013 P. alecto 88 
Individual SEQ Toowoomba 29/03/2013 P. poliocephalus 15 
Individual SEQ Boonah 26/06/2013 P. alecto 73 
Individual SEQ Boonah 26/06/2013 P. poliocephalus 5 
Individual SEQ Boonah 21/08/2013 P. alecto 45 
Individual SEQ Boonah 21/08/2013 P. poliocephalus 5 
Individual SEQ Boonah 01/09/2013 P. alecto 24 
Individual SEQ Boonah 01/09/2013 P. poliocephalus 9 
Individual SEQ Boonah 08/11/2013 P. alecto 27 
Individual SEQ Boonah 08/11/2013 P. poliocephalus 4 
Individual SEQ Boonah 08/11/2013 P. scapulatus 42 
Individual SEQ Boonah 18/12/2013 P. alecto 3 
Individual SEQ Boonah 18/12/2013 P. scapulatus 40 
Individual SEQ Boonah 04/01/2014 P. alecto 36 
Individual SEQ Boonah 04/01/2014 P. poliocephalus 2 
Individual SEQ Boonah 04/01/2014 P. scapulatus 21 
Individual SEQ Boonah 30/04/2014 P. alecto 42 
Individual SEQ Boonah 30/04/2014 P. poliocephalus 23 
Individual SEQ Boonah 30/05/2014 P. alecto 37 
Individual SEQ Boonah 30/05/2014 P. poliocephalus 23 
Table 5.2   Individual urine samples collected from SEQ roost 
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As all Hendra virus detections were in P. alecto (see below), the analyses were 
restricted to this species for parsimony.  There was no significant difference between 
mean individual urinary cortisol concentration between collection events (p = 0.16), 
but there was an evident pattern (Figure 5.8) corresponding to the two statistically 
significant urinary cortisol concentration elevations reported for mean pooled 
population in autumn and winter in SEQ.  No significant differences in mean urinary 
cortisol concentrations were demonstrated between male and female P. alecto or 
reproductive status (p = 0.54; 0.67 respectively), however females during birthing 
season (n = 17) had elevated urinary cortisol when compared with males at the 
same time of year (n = 7).   
 
 
Figure 5.8   Mean monthly individual animal Hendra virus urinary excretion 
prevalence of P. alecto (+ SEM) 
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All Hendra virus RNA detections were in P. alecto samples (n = 34/375), with no 
detections in P. poliocephalus (n = 0/86) or P. scapulatus (n = 0/103) samples.  The 
mean detection prevalence in P. alecto was 9.1%.  Statistical analysis demonstrated 
a significant effect of month (p < 0.001) on RNA detection, with a significant elevation 
in excretion in June (24.9%) (Figure 5.9).  Statistically non-significant elevations in 
excretion occurred in April, May and August, with Hendra virus RNA excretion 
prevalence of 8.0%, 7.6% and 10.1% respectively.  In all other collection months, the 
excretion prevalence was below 3%.  There was no significant difference in Hendra 
virus RNA excretion prevalence between sexes (p = 0.58), and no significant sex by 
month interaction (p = 0.60).     Excretion prevalence was significantly higher in June 
(winter) than at other times of the year (p = 0.001). 
 
 
Figure 5.9   Mean monthly individual animal urinary cortisol measurement of P. 
alecto (+ SEM) 
 
Urinary cortisol concentrations in P. alecto Hendra virus RNA-positive urine samples 
(n = 35) were slightly but non-significantly higher than those in P. alecto Hendra virus 
RNA-negative urine samples (n = 364) (p = 0.80).  
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Discussion  
 
Urine has previously been established as the primary route of excretion of Hendra 
virus by Edson et al. (2015b), and as a suitable substrate for cortisol assay as an 
indicator of physiological stress in flying-foxes in the previous chapter.  While plasma 
cortisol concentration theoretically provides a more immediate and sensitive 
measure of stress, the capture and handling stress associated with sample collection 
renders the approach impractical for a large scale study.  The non-invasive under-
roost sampling approach allowed the collection of both pooled and individual urine 
samples without the risk of distorting cortisol concentration, and facilitated the 
concurrent assessment of Hendra virus excretion status. It thus provided a valid 
assessment of temporal trends in urinary cortisol concentration, and the putative 
association between Hendra virus infection and physiological stress.  Similarly, the 
use of molecular techniques to identify sex and species from individual urine 
samples allowed the investigation of the effects of life cycle on Hendra virus urinary 
excretion without the potentially confounding effects of capture stress.   
 
While the collection of pooled urine samples presents few challenges, the under-
roost sampling of individual animals can be problematic.  Firstly, when roosting 
density is high, individual urination events are impossible to identify, and sampling 
opportunities have to be foregone.  Secondly, the small volume of urine from the 
minimal number of drops collected to ensure that a sample is truly from a single 
individual limits the number of analyses that can be performed, and in some cases 
provides only sufficient volume for molecular analysis.  The latter might be overcome 
in the future with the emergence of molecular techniques for measuring physiological 
parameters, including those indicative of physiological stress, instead of current 
serological techniques that require a larger sample volume.   
 
The pooled urine Hendra virus data used in the analyses were part of a larger study 
which showed, firstly, that P. alecto and P. conspicillatus were the primary Hendra 
virus reservoir species, secondly, that mean Hendra virus RNA urinary excretion 
prevalence was higher in SEQ than in FNQ, and thirdly, that virus excretion 
prevalence peaked in June, July, August (southern hemisphere winter) in lower 
latitude SEQ, while remaining more or less constant in FNQ (Field et al. 2015).  The 
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individual animal data from the current study showed the same winter pattern of virus 
excretion as the pooled population urine data in SEQ reported in that larger study 
(Field et al. 2015).   
 
While it would have been preferable to compare physiological responses in the same 
species in both SEQ and FNQ, the absence of P. conspicillatus in SEQ, their 
predominance in FNQ, and the frequent inaccessibility of P. alecto roosts in FNQ, 
precluded this.  Thus, P. conspicillatus was used as a proxy for P. alecto in FNQ.  
The two species are phylogenetically paraphyletic (Almeida et al. 2014), are 
morphologically similar and have synchronous life cycles (Churchill 2008), have no 
significant differences in cortisol profiles, as presented in the previous chapter, and 
minimal difference in hematologic and biochemical reference ranges as presented in 
Chapter 2.  Thus it is expected that their physiological changes in response to 
natural life cycle and seasonal stressors are comparable.   
 
Levels of circulating glucocorticoids can vary with season, sex, age, social status 
and breeding stage, and valid interpretation of the data requires that these ‘natural’ 
variations are recognised (Busch and Hayward 2009).  Pooled urinary cortisol 
concentration was consistently elevated in March in the SEQ Boonah roost, and in 
February/March in both FNQ roosts, aligning with the February to April breeding 
season in P. conspicillatus, P. alecto and P. poliocephalus (Churchill 2008).  The 
literature suggests that this peak is associated with elevated cortisol levels in males, 
as a consequence of elevated testosterone levels and the physiological stress of 
territory defence and harem establishment (Ostner et al. 2008; Klose et al. 2009; 
Melville et al. 2012).  
 
However, the individual animal data showed that (in SEQ at least) the March 
elevations in cortisol were similar in both sexes, suggesting that the chaos of 
breeding season is equally stressful to females.  Indeed, during the mating season 
females were regularly observed to exhibit signs of behavioural stress including 
agitated vocalisations that most likely constitute maternal contact calls in response to 
separation from their weaning pups.  The greater elevation of cortisol in SEQ roosts 
(compared to FNQ roosts) can be plausibly explained by the synchronous breeding 
of P. alecto and P. poliocephalus, which in mixed roosts likely exacerbates stress 
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through the combine effects of both intra- and interspecific interactions.  No direct 
association between species and urinary cortisol concentration was found in the 
pooled urine models. 
 
Pooled samples from the SEQ Boonah roost also showed elevations in urinary 
cortisol in June, July and August, corresponding with southern hemisphere winter, 
and with mid-late pregnancy in P. alecto and P. poliocephalus.  No similar elevations 
were evident in either FNQ roost.  While a peri-parturient cortisol spike is observed in 
well-studied domestic species (Guidry et al. 1976), a pregnancy-associated elevation 
in cortisol mid-late gestation is unexpected in Pteropus species (Reeder et al. 
2004b).  Further, given the phylogenetic proximity of P. alecto and P. conspicillatus, 
were the elevated cortisol associated with pregnancy, it would be expected to see 
elevated levels in both SEQ and FNQ.   
 
Finally, the individual animal urine samples showed that the SEQ winter elevations in 
urinary cortisol were equally evident in both males and females, discounting an 
association with pregnancy.  Thus, while the observed elevated urinary cortisol in 
autumn (common to both regions) is plausibly explained by the life-cycle event of 
mating, the winter elevation in SEQ is not associated with the subsequent event of 
pregnancy, and is more consistent with an environmental stressor impacting SEQ 
roosts but not FNQ roosts.   
 
In the absence of evidence of an association with any other measured variable or 
physiological biomarker, as reported in Chapter 3, and in the light of the identification 
of a strong correlation between urinary cortisol concentration and minimum daily 
temperature, the most plausible stressor, given the lower latitude of the SEQ region, 
is minimum temperature.  While testing this hypothesis was beyond the scope of this 
study, minimum winter temperatures at the SEQ Boonah roost often fell below zero 
during the study period, with frosts occurring regularly; at the FNQ roosts, minimum 
temperatures rarely fell below 10oC.  Further, veterinary examination of captured 
individual P. alecto at the Boonah roost often revealed peripheral vasoconstriction 
and frost bite damage to ears (Figure 5.10) and feet that was absent in co-roosting 
P. poliocephalus, a species historically with a more southerly range.    
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Figure 5.10   Evidence of frost bite damage to ears of P. alecto 
 
It is plausible then to propose that the recent southern extension of the range of P. 
alecto, historically a tropical species (Roberts et al. (2012), into sub-tropical and 
temperature regions, precipitates physiological stress in P. alecto in winter because 
it is not adapted to cope with low temperatures, and that the physiological demand of 
thermoregulation is responsible for the elevated winter urinary cortisol levels.  
Lewanzik et al. (2012) have previously reported an association between climatic 
factors and seasonal differences in cortisol levels.   
 
Further, it is also plausible that the physiological demand of thermoregulation may 
promote Hendra virus infection by driving the thermogenic catabolism of triglycerides 
(Thomas and Palmiter 1997).  This putative mechanism is supported by the findings 
reported in Chapter 3, which showed a positive correlation between low plasma 
triglyceride levels, but no other nutritional biomarkers, and Hendra virus RNA 
excretion in P. alecto.  While plasma triglyceride levels can be associated with a 
suite of factors, the contention is supported by Hawley and Altizer (2011), who 
discussed the potential cost of winter thermoregulation in relation to likely reduced 
immune system function.     
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A small but statistically significant increase in urinary cortisol in pooled samples 
positive for Hendra virus RNA was found.  In the individual animal urine samples, a 
small and non-significant increase in urinary cortisol measurements in Hendra virus 
RNA positive samples was found.  This disparity is most plausibly explained by the 
greater temporal coverage and larger data set of the pooled sampling methodology.  
Edson et al. (2015a) similarly reported small but statistically significant increase in 
urinary cortisol in Hendra virus RNA positive pooled samples, but did not identify the 
nature or significance of the association. The findings suggest the possibility of an 
indirect association between increased urinary cortisol and Hendra virus infection 
and excretion mediated by the physiological demands of thermoregulation.   
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Conclusions  
 
This study sought to examine temporal trends in urinary cortisol concentration in 
disparate flying-fox populations and to elucidate the relationship between Hendra 
virus infection and putative physiological stress.  The findings indicate that urinary 
cortisol excretion is modulated by both life cycle and ecological factors.  No 
significant correlation between increased urinary cortisol due to normal life cycle 
events and Hendra virus excretion was found, but the findings do suggest a 
biologically plausible association between low winter temperatures and elevated 
cortisol levels in P. alecto in the lower latitude SEQ roosts.  Based on the findings of 
this and previous studies, an association between low winter temperatures and 
increased Hendra virus infection and excretion, mediated by the physiological cost of 
thermoregulation is hypothesised.  While this study has focused on Australian 
pteropids and Hendra virus, the findings and the approach have direct relevance to 
studies of the disease ecology of Nipah virus and other emerging Henipaviruses in 
bats.  More broadly, they inform investigation of emerging disease infection 
dynamics at any wildlife/livestock/human interface.    
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CHAPTER 6 
 
 
General Discussion 
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Hendra virus is a recently emerged zoonotic virus that has caused fatal infection in 
horses and humans since its first description in 1994.  Despite the limited number of 
human cases to date, the zoonotic capability of the virus has driven research of 
infection dynamics and disease ecology in pteropid bats (flying-foxes), the natural 
reservoir of the virus.  Hendra virus infection in flying-foxes is subclinical and causes 
no signs of overt disease, a feature consistent with these species being the reservoir 
host.This thesis set out to answer questions surrounding hypotheses of physiological 
relationships and drivers of Hendra virus infection and excretion in flying-foxes.       
 
Current hypotheses at the beginning of the study suggested that reproductive and 
nutritional physiological stress may be risk factors for Hendra virus infection 
(Plowright et al. 2008; Breed et al. 2011).  These hypotheses were based on 
investigations of serological data from flying-fox populations and ecological data.  
The failings of these type of studies are primarily that serological data do not give an 
accurate estimation of physiological status at the time of infection or shedding, rather 
they provide a historical record of exposure to the virus.  Additionally, it has been 
subsequently shown that some of the species investigated, although exhibiting anti-
Hendra virus antibodies, show no evidence of Hendra virus infection or viral 
shedding.   
 
Further, the hypothesis surrounding nutritional stress scenarios driving disease 
status of flying-foxes was based on inferential ecological data on putative food 
resource availability rather than an empirical assessment of whether food resources 
were meeting the physiological demands of the animals (Plowright et al. 2015).  
Thus, to test these hypotheses, it was firstly necessary to investigate a range of 
physiological biomarkers that may be indicative of the physiological status of flying-
foxes, including a putative measure of stress.  In order to make any associations 
between physiological status and Hendra virus infection status, it was additionally 
necessary to establish the normal temporal changes in these biomarkers relative to 
seasonal and life cycle changes. 
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Examination of hematologic, biochemical and urinary biomarkers are well founded in 
literature as tools to examine the general health and physiological status of wildlife 
species.  Additionally, the study of glucocorticoids is a recognised technique of 
measuring the stress levels of individuals.  In this study the investigation of these 
biomarkers was conducted at the individual animal level, single species population 
and mixed species population levels, with the aim of establishing baseline values 
and how they change temporally with season and life cycle.  This work provided a 
platform for subsequent investigations.   
 
Haematology, Biochemistry and Urinalysis 
 
Chapter 2 presents the first large study to establish baseline health data for wild 
Australian Pteropus species, presenting hematologic, plasma biochemistry and 
urinalysis ranges for the two primarly Hendra virus reservoir host species, P. alecto 
and P. conspicillatus.  It describes variation in these values related to changes in 
physiological status and describes the temporal variation in key physiological 
biomarkers of P. alecto to determine whether such changes could be explained by 
natural life-cycle events, or whether they indicated environmental stressors such as 
food availability or seasonal climatic conditions.   
 
This study has advanced knowledge and understanding of the physiological 
biomarkers of two mainland Australian Pteropus species of P. alecto and P. 
conspicillatus.  Comparison of the mean population biomarker values between the 
two species supports the contention that these are paraphyletic species with similar 
physiological values and responses.  The findings also demonstrate that the 
establishment of normal reference ranges is useful in assessing population and 
individual health of Pteropus species, by reporting significant changes in biomarker 
values with both parasite and bacterial infection. 
With respect to P. alecto, the findings indicate that the temporal variations in body 
condition, hematologic, biochemical and urinalysis parameters are consistent with 
the physiological and energetic demands of life-cycle and are not fundamentally 
driven by environmental stressors such as resource availability or normal seasonal 
climactic conditions. No evident effect of remarkable physiological or nutritional 
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stress was found, and there was no indication that clinical disease resulted in 
parameter values outside the normal species reference ranges.   
As both ecological processes and physiological status can influence patterns of 
infection and/or disease risk, the findings identify underlying temporal physiological 
variation at the population level that usefully informs epidemiological studies.  The 
study adds to the knowledge of Pteropus populations in terms of their relative 
resistance and resilience to emerging infectious disease and provides baseline data 
essential to measure and interpret flying-fox population health in ecological and 
epidemiological contexts.  
 
Chapter 3 uses the same data set to further examine the impact of Hendra virus 
infection on the suite of physiological biomarkers.  The use of generalised linear 
models to analyse and adjust individual biomarker data for life cycle and seasonal 
variations, and principal component analysis to analyse biologically plausible 
biomarker panels comparing gender and season, provides a high level of confidence 
in the statistical robustness of the findings.   
 
The key finding that all mean hematologic, biochemical and urinalysis values in both 
the Hendra virus-positive and the Hendra virus-negative cohorts were within the 
established normal reference ranges indicates that natural Hendra virus infection in 
P. alecto does not routinely cause overt disease, supporting the contention that virus 
and host have a mature and mutually advantageous relationship, and consistent with 
P. alecto being a primary reservoir host.  No association between Hendra virus 
positivity and biomarkers that were consistent with nutritional stress, extreme 
metabolic demand or reproductive stress were found.  Nonetheless, statistically 
significant differences that warrant consideration were found in a number of 
biomarkers when comparing the cohorts.  The identified associations between these 
biomarkers and Hendra virus infection may partly elucidate the physiological 
relationships of Hendra virus infection dynamics, and provide insights for future 
epidemiological studies of Hendra virus and related viruses in Pteropus species. 
 
The small magnitude decrease in plasma triglycerides associated with Hendra virus 
positivity is interesting.  The study in chapter 2 reported that animals experiencing 
156 
 
physiological demand, such as mating and lactation, and those in poor body 
condition, had lower plasma triglyceride levels.  The lack of corroborative support 
from other biomarkers used to assess long term planes of nutritional status (such as 
albumin and urea) does not support a nutritional affect (Srivastava and Krishna 
2008) associated with Hendra virus infection.  However, it is possible that the 
association reflects the mobilisation and depletion of fatty acids due to the ecological 
stressor of lower temperatures during the winter months, a time when Hendra virus 
is more prevalent in the study population (Field et al. 2015) but not temporally 
associated with mating or lactation.  The association between Hendra virus positivity 
and higher urinary protein levels, and a non-significant trend towards higher pH is 
also of interest as proteinuria has been reported in localised viral infection in the 
urinary tract (Kruger et al. 2011), and Goldspink et al. (2015) suggested kidney as a 
site of Hendra virus localisation.   
 
Cortisol and stress 
 
The study presented in chapter 4 developed and demonstrated a robust approach to 
the quantitative measurement and interpretation of pooled population urinary cortisol 
values in wild, free-living flying-fox populations.  The study underpins the 
investigation of a putative association between stress and Hendra virus infection 
dynamics.  In the process, the study demonstrated a typical post-capture stress 
response in wild flying-foxes, established population-level urinary cortisol ranges for 
the four Australian mainland species, and established urine specific gravity as an 
attractive alternative to creatinine to correct urine concentration. The approach has 
direct application as a research or clinical tool for flying-fox populations, but equally 
importantly, has broader application to other free-living colonial wildlife species.    
 
Interestingly, the paraphyletic species P. alecto and P. conspicillatus showed very 
similar geometric mean urinary cortisol values, with P. poliocephalus having a 
comparatively lower geometric mean value, and P. scapulatus having a narrower 
urinary cortisol range than the other species, but higher geometric mean value.  
These statistics provide an insight into urinary cortisol variability between species, 
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and underpin the comparative urinary cortisol population analyses between the 
temporal trends of P. alecto and P. conspicillatus populations in the next chapter. 
 
The subsequent study of urinary cortisol in chapter 5, sought to examine temporal 
trends in urinary cortisol concentration in two disparate wild Australian flying-fox 
populations, to elucidate the putative relationship between Hendra virus infection and 
physiological stress.  The study examined a SEQ population, consistently habituated 
by the Hendra virus host species P. alecto, which demonstrated winter increases in 
Hendra virus prevalence (Field et al. 2015), and a FNQ population predominantly 
habituated by the Hendra virus host species P. conspicillatus, which had a 
consistently low level Hendra virus urinary excretion prevalence throughout the year.   
 
These roosts are each considered representative of a dynamic regional population of 
flying-foxes.  This contention is supported by observations of flying-fox roosts 
suggesting a potential 10% daily population turnover (Welbergen, personal 
communication), telemetry studies showing that P. alecto move frequently and up to 
450 km between roost sites (Edson, personal communication), and genetic studies 
showing that P. alecto on mainland Australia are panmictic, suggesting that the 
mating between individuals is not influenced by any environmental, hereditary, or 
social interaction (Webb and Tidemann, 1996). 
 
The observed elevated urinary cortisol in autumn, common to both regions, is 
plausibly explained by the life-cycle event of mating.  However, the elevation in 
urinary cortisol elevations in the SEQ population in winter is not associated with 
either sex or reproductive stage of individuals.  The latter is likely more consistent 
with an environmental stressor impacting SEQ roosts but not FNQ roosts.  The most 
plausible stressor, given the (southern hemisphere) winter seasonality and the lower 
latitude of the SEQ region, is minimum temperature.  Minimum winter temperatures 
at the SEQ roost site often fell below zero, with frosts occurring regularly, while at the 
FNQ roosts, minimum temperatures rarely fell below 10oC.  In addition, an 
exponential relationship between decreasing temperature on the day of sampling 
and increasing urinary cortisol concentration was found in pooled urine samples.   
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It is possible that the recent southern extension of the range of P. alecto, historically 
a tropical species (Roberts et al. 2012), into sub-tropical and temperature regions, 
precipitates physiological stress in P. alecto in winter because it is not adapted to 
cope with low temperatures.  At the SEQ Boonah roost, individual P. alecto were 
regularly encountered with frost bite damage to ears and feet that was absent in co-
roosting P. poliocephalus, a species historically with a more southerly range.    
 
These findings suggest that the physiological demand of thermoregulation in P. 
alecto in the southern part of its range may be responsible for elevated winter urinary 
cortisol levels.  Lewanzik et al. (2012) have previously reported an association 
between climatic factors and seasonal differences in cortisol levels.  Further, the 
study suggests that the physiological demand of thermoregulation may promote 
Hendra virus infection by driving the thermogenic catabolism of triglycerides 
(Thomas and Palmiter 1997).  This putative mechanism is supported by the findings 
reported in Chapter 3, which found a positive correlation between low plasma 
triglyceride levels and Hendra virus RNA excretion in P. alecto.  This contention is 
supported by Hawley and Altizer (2011), who discuss the potential cost of winter 
thermoregulation in relation to likely reduced immune system function.   
 
As no clinically significant increase in urinary cortisol was correlated with Hendra 
virus positive samples, the findings suggest the possibility of an indirect association 
between increased urinary cortisol and Hendra virus infection and excretion, 
mediated by the physiological cost of thermoregulation. 
 
Limitations of the research 
 
The study of wildlife populations has inherent challenges, particularly the sampling of 
uncontrolled populations and potential non-random sampling.  The study of highly 
mobile Pteropus species presents further challenges.  In order to overcome these 
challenges, the research employed longitudinal studies assessing populations at 
regional levels, and sampled large numbers of animals for individual assessment at 
single locations.  The use of generalised linear models to analyse and assess data 
for cohort, life cycle, seasonal and regional variations, provides a high level of 
confidence in the statistical robustness of the findings.  Most importantly, the 
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plausibility of the epidemiological findings was assessed with respect to both 
physiological and ecological contexts.   
 
The study in part focussed on comparisons between two regionally disparate flying-
fox roosts, one in South East Queensland (SEQ) habituated by P. alecto and one in 
Far North Queensland (FNQ) habituated by P. conspicillatus, the two identified 
Hendra virus reservoir host species in Australia.  While it would have been 
preferable to compare physiological responses in the same species in both SEQ and 
FNQ, the absence of P. conspicillatus in SEQ, their predominance in FNQ, and the 
frequent inaccessibility of P. alecto roosts in FNQ precluded this.  Thus, P. 
conspicillatus was used as a proxy for P. alecto in FNQ.   
 
The two species are considered to be phylogenetically paraphyletic (Almeida et al. 
2014), are morphologically similar and follow synchronous life cycles (Churchill 
2008), have no significant differences in cortisol profiles, and minimal difference in 
hematologic and biochemical reference ranges.  Thus, it is expected that their 
physiological changes in response to natural life cycle and seasonal stressors will be 
similar, and the comparison between the species’ physiological biomarkers is both 
legitimate and informative.   With additional funding and time, it may have been 
possible to investigate the temporal changes of physiological biomarkers of P. alecto 
populations in the Northern Territory, the northern most tropical range of the species, 
where no Hendra virus has been recorded to date in these populations (Field et al. 
2011). 
 
The low prevalence of Hendra virus excretion is in itself challenging in conducting an 
epidemiological study.  Collection of pooled population urine samples ensured 
sampling from a larger number of animals, but data were only able to be used as an 
indication of regional population prevalence of the virus and measurement of 
biomarkers.  While the sampling of individual animals was one of the largest studies 
ever completed on wild Pteropus species, the Hendra virus positive cohort was still 
small.  The use of the afore mentioned statistical modelling methodology was robust, 
but with further funding, additional capture events in subsequent years would have 
been very useful in generating an even larger data set. 
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Notwithstanding these limitations, the body of work presents empirical and direct 
evidence of the effect/non-effect of physiological and environmental stressors 
contrary to earlier indirect inferential assessments, and provides a solid platform for 
further research.   
 
Conclusions 
 
While this study has focused on Australian pteropids and Hendra virus, the findings 
and the approach have direct relevance to studies of the disease ecology of Nipah 
virus and other emerging henipaviruses in bats.  More broadly, they inform 
investigation of emerging disease infection dynamics at any wildlife/livestock/human 
interface. 
 
The study presented no evidence of any clear disease process or system impact 
associated with Hendra virus infection in Pteropus alecto.  The comprehensive suite 
of biomarkers showed no/minimal deviation from reported normal ranges, 
demonstrating no association between Hendra virus positivity and biomarkers that 
are consistent with nutritional stress, reproductive stress or extreme metabolic 
demand.  However, the association between some biomarkers, notably plasma 
triglycerides and urinary protein, and Hendra virus infection, may partly elucidate the 
physiological effects of Hendra virus infection in flying-foxes.  
 
The lack of clear evidence of a disease state, while unremarkable in the context of 
virus - host relationship, is in stark contrast to the devastating impact of infection on 
many other mammalian species including humans, and suggests flying-foxes, and 
perhaps bats more broadly, have undergone fundamental physiological and 
immunological adaptations in an evolutionary context.   
 
The study of cortisol dynamics as an indicator of physiological stress, found no 
evidence of a direct causal association between physiological stress and Hendra 
virus infection.  The temporal study identified peaks in urinary cortisol associated 
with natural life-cycle stages as expected, but these are not associated with pulses in 
Hendra virus excretion.  However, the Winter peak in urinary cortisol in Southeast 
Queensland was found to be temporally correlated with Hendra virus infection, but 
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not associated with reproductive stressors.  Thus the study presents an apparent 
effect of temperature via the physiologic cost of thermoregulation on the seasonality 
of infection in Pteropus alecto at the southern extent of their range. 
 
Gaps in the understanding of Hendra virus infection dynamics in the natural host still 
remain.  Notwithstanding the recent availability of an effective vaccine for horses, 
and the development of monoclonal antibody treatment for humans, elaboration of 
the drivers for infection and spill-over remains critical.  The emergence, impact, and 
investigative research of Hendra virus has acted as a model for emerging zoonotic 
diseases, and maximum value for the research investment to date will only be 
achieved if key remaining questions are explored.   
 
A number of factors play a role in infection dynamics of emerging diseases 
associated with wildlife, which must be considered in future research.  Firstly, it has 
been established that the host Pteropus species is important in Hendra virus 
infection dynamics.  Secondly, the changing immune status of individual animals 
associated with loss of maternal antibodies in juveniles, susceptibility and exposure 
of sub-adults and re-exposure and re-infection as adults (Edson et al. 2015b; Field 
personal communication) may also be important.  Thirdly, the population structure of 
flying-foxes and their unique mobility facilitates effective epidemiologic contact and 
persistence of infection at a population level must be considered. 
 
Most importantly, the question of persistence of latent infections and recrudescence 
still remains unanswered.  To further investigate ecological and/or physiological 
stress as a driver for disease in flying-foxes, the next challenge is to establish 
whether chronic stress scenarios occur or increasingly occur in wildlife populations, 
and if so, whether such scenarios lead to immune system disruption, consequent 
disease emergence or recrudescence.    
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